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A B S T R A C T

Decarbonization necessitates innovative energy solutions, such as H2 production through water splitting re
actions, which critically relies on efficient catalysts to enhance both efficiency and cost-effectiveness. Employing 
carbocatalysts synthesized from agro-industrial residues and co-doped with nitrogen and sulfur represents a 
groundbreaking strategy that not only supports decarbonization efforts but also accelerates the transition to
wards a circular economy model. In this study, we have developed a novel oxygen evolution reaction (OER) eco- 
electrocatalyst by doping banana peel-derived biochar with varying levels of thiourea. The optimal eco- 
electrocatalyst, 5 %-S/N@BC, significantly surpasses the efficiency of IrO2 and outperforms many reported 
carbon-based electrodes in terms of initial performance and long-term stability. Notably, it achieves over
potentials of 290, 322, and 334 mV at current densities of 10, 50, and 100 mA cm− 2, respectively, over 30-h 
periods. The process has been optimized regarding pH, catalyst dose, and dopant concentration. Furthermore, 
the eco-electrocatalyst demonstrates a competitive overall water splitting behavior, attaining a notably low cell 
voltage of 1.58 V required for reaching 10 mA cm− 2. Comprehensive characterization using FTIR, Raman, XRD, 
XPS, and SEM-EDS have been conducted to validate these findings. This represents the first demonstration of a 
metal-free S/N@BC catalyst derived from banana peel for efficient OER. Our research highlights the significance 
of avoiding precious and transition metals, as well as the value of creating carbon-based catalysts fully sourced 
from biomass. The development of such materials plays a crucial role in advancing sustainable catalyst design 
while fostering a circular economy through the effective utilization of agro-industrial waste. Furthermore, only a 
limited number of studies have focused solely on biomass-derived materials, and among those, their catalytic 
performance rarely exceeds the results demonstrated in this work.

1. Introduction

Recommendations have been made to use alternative energy sources 
to advance towards decarbonization. Hydrogen (H2) production has 
emerged as a viable alternative energy solution with multiple produc
tion pathways, conventionally classified as grey, blue, and green H2 [1]. 
Current industrial H2 generation remains predominantly dependent on 
fossil fuel-based methods (grey and blue variants), which continue to 
significantly contribute to global greenhouse gas emissions [2]. Water 
electrolysis (water splitting) represents one of the most sustainable 
methods for green H2 production, offering a viable alternative to con
ventional fossil fuel-based generation. This approach facilitates the 
direct use of renewable energy sources while ensuring completely 

carbon-free operation, as it generates zero CO2 emissions during the H2 
synthesis process [3]. This process involves two key reactions: water 
reduction, known as the Hydrogen Evolution Reaction (HER), and water 
oxidation, termed the Oxygen Evolution Reaction (OER). OER is a crit
ical bottleneck due to its inherently sluggish kinetics, which arise from 
the complex four-proton-coupled electron transfer mechanism required 
for water oxidation [4]. The overall mechanism involved is shown in 
equations (1)–(4) [5], where * represents the catalyst’s active site, (g) 
and (l) indicate the gas and liquid phase respectively, and *OH, *O, 
*OOH denote adsorbed species on the catalyst. Electrocatalysts design 
faces significant challenge in this process trying to reduce the over
potential required to drive these reactions efficiently beyond its ther
modynamic value. Minimizing this excess potential remains a central 
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challenge in advancing sustainable electrochemical technologies. 
Currently, costly and scarce Pt/C and IrO2 serve as standard catalysts for 
HER and OER respectively [6,7], but their commercial viability is hin
dered by limited stability under high oxidative potentials at low pH [8]. 
Moreover, precious metal extraction and recovery severely pollute 
ecosystems at high environmental costs [9]. Hence, this drives the need 
to find affordable, high performing substitutes for these precious metals 
that could reduce overpotential, provide active sites that stabilize crit
ical intermediates (e.g., *O, *OH, *OOH) and lower activation barriers 
[10]. 

* + OH− → *OH + e− (Eq. 1)

*OH + OH− → *O + H2O(l) + e− (Eq. 2)

*O + OH− →*OOH + e− (Eq. 3)

*OOH + OH− →* +O2(g) + H2O(l) + e− (Eq. 4)

Concurrently, recent data shows global agricultural activities yield 
about 1 billion tons of residues annually, contributing roughly 20 % of 
greenhouse gas emissions [11]. Residues stem from challenges in har
vesting, storage, transport, processing, and marketing, notably in small 
to medium-scale sectors [12]. The rapid expansion of agriculture and the 
increasing demand for its products are placing significant stress on the 
environment, climate, ecosystems, and health [13]. Agricultural pro
duction needs a 50 % boost by 2050 to meet a projected 12 billion tons 
demand, driven by an expected 8.5 billion population by 2030 [14]. 
Furthermore, these projected population growth figures will accentuate 
the energy supply problem, as they are currently based on 
non-renewable sources, primarily fossil fuels [15]. According to the 
above, the United Nations urges to reduce fossil fuel use and tran
sitioning toward Zero Waste principles [16].

Within this framework, a holistic solution using agricultural residues 
as the basis for green and renewable energy solutions is proposed in this 
study. Carbon-based catalysts not only hold potential for substituting 
metallic catalysts but also provide an opportunity to contribute to sus
tainable production and Zero Waste principles [17]. Ecological 
OER-carbocatalysts can be obtained through thermochemical conver
sion processes like dry or wet pyrolysis to yield biochar or hydrochar 
respectively, utilizing agricultural residues, particularly biomass rich in 
lignocellulosic components [18]. These eco-electrocatalyst have proven 
to be stable even in the OER potential range in alkaline conditions [4]. 
While pristine chars typically exhibit lower catalytic activity compared 
to metallic counterparts, they offer a customizable surface that allows 
adjustment of their electronic and physicochemical properties [19,20]. 
Tailoring chars aims to enhance their suitability for catalytic applica
tions [21]. Some carbon-based catalysts have been utilized as 
OER-catalysts, but they have typically been enhanced through metal 
doping, such as Zn(O,S) [22], molybdenum [23] or cobalt [24]. Alter
natively, incorporation of heteroatoms, particularly N, S and P, into the 
carbon lattice disturbs the initial surface charge balance and induces 
bond polarization at the insertion point [25], resulting in a more 
conducive material that promotes electron transfer mechanisms that 
initiate various electro-activation pathways [26]. Conventional methods 
of introducing N and S into the carbon matrix involve blending pre
cursors of both elements before or after pyrolysis [27] or by ammonia 
gas treatment [28]. However, strong acid or alkaline treatments are 
typically carried out before or after pyrolysis to complete the treatment 
process [29,30]. Previous authors have essayed the one pot synthesis of 
thiourea-based biochar from nanocellulose although for other catalytic 
uses, demonstrating the usefulness of S/N doping for the increase of 
catalytic active sites [31]. Thus, it is reasonable to expect an enhanced 
water splitting activity with S/N doped biochars.

Therefore, this study aims to valorize banana peel, an abundant 
agricultural residue sourced from a local food-processing company, as 
an OER-catalyst by transforming it into S/N co-doped biochar (S/ 

N@BC) via a greener and controllable one-pot grafting process using 
thiourea as an eco-friendly doping agent. To our knowledge, this is the 
first instance of using a S/N@BC derived from banana peel as OER- 
catalyst without additional metals supplement. Our study underscores 
not only the relevance of eliminating the use of precious and transition 
metals, but also the importance of developing carbon-based catalysts 
entirely derived from biomass. Advancing such materials contributes 
significantly to sustainable catalyst design while promoting a circular 
economy through the valorization of agro-industrial residues. Moreover, 
only a few studies using exclusively biomass-derived materials have 
been reported, and when they have, their performance has rarely sur
passed that achieved in the present work [25,32–34].

2. Experimental section/methods

2.1. Catalyst synthesis

Banana peels were kindly provided by Freshcut S.L (Pontevedra, 
ESP), dried at 60 ◦C overnight and ground afterwards. Banana peel 
biochar (BC) was synthesized at a pyrolysis temperature of 550 ◦C for 4 h 
in a tubular furnace (Carbolite Gero, DEU), with a heating ramp of 5 ◦C 
min− 1 and a N2 flow of 300 mL min− 1. The co-doping process was car
ried out in a one-step by a one-pot synthesis where both banana peels 
and the co-doping agent were added to the tubular furnace. Various 
levels of thiourea (99.6 %, VWR) were used for synthesizing S/N@BC, 
with weight percentages relative to the raw banana peel being 2.5 %, 5 
%, and 10 %. The resulting samples were named as follows: 2.5 %-S/ 
N@BC, 5 %-S/N@BC and 10 %-S/N@BC. Urea (99 %, Sigma-Aldrich) 
was used to obtain N-doped sample 5 %-N@BC following the same 
doping process.

Eco-electrodes were prepared following Díez et al. [35] procedure. 
Briefly, 5 mg of S/N@BC was mixed with 50 μL of a 5 % conductive 
Nafion® ionomer solution in aliphatic alcohols and water (80 %, Sigma 
Aldrich), and 1 mL of ethanol (99.5 %, Scharlab). This mixture was 
subjected to ultrasonic dispersion (37 kHz, 150 W, Bandelin Sonopuls 
sonicator) for 2 min, followed by vortex mixing (Vortex-Genie® 2 mixer) 
to obtain a uniform suspension. The resulting ink was then applied to a 1 
cm × 1 cm piece of nickel foam, using 20 μL increments until the desired 
catalyst loading was obtained. Hot air was used to promote solvent 
evaporation between applications, ensuring the electrocatalyst evenly 
covered the foam’s surface area. Likewise, the reference Pt–C/IrO2 
(99.9 %, Alfa-Aesar) was drop-deposited at a total of 1 mg cm− 2. A 
detailed scheme of the catalysts synthesis is presented in Fig. 1.

2.2. Water splitting configuration

To assess the synthesized N/S@BC, a three-electrode configuration 
was set up (Fig. 2), interfaced with an Autolab potentiostat (Methrom), 
using Nova 2.1 Software for data collection. OER experiments were 
conducted at a pH of 14, using a 1 M NaOH solution (99 %, Sigma 
Aldrich), a pH of 6.64 in a 2 M Na2SO4 solution and a pH 0.29 in a 0.5 M 
H2SO4 solution. An Ag/AgCl electrode served as the reference, while a Pt 
wire (40 % Pt content, Alfa-Aesar) functioned as the counter electrode in 
alkaline media. The working electrode was Ni-foam (1 cm2) initially 
cleaned with 30-min sonication baths in acetone (99 %, Sigma Aldrich), 
ethanol, and distilled water, then dried overnight at 60 ◦C. For acidic pH 
testing, carbon paper was employed as working electrode and a carbon 
stick served as counter electrode to prevent metal leaching.

2.3. Electrochemical measurements

The primary metric used to assess OER performance was CV. A po
tential window of 0–0.74 V, 0.48–1.2 V and 0.8–1.54 for, respectively, 
alkaline, neutral and acid pHs following the Nernst equation. This po
tential corresponds to the overpotential typically referenced in OER for 
O2 generation (− 1.23 V vs RHE). The scan rate was set at 0.05 mV s− 1. 
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From CV, Tafel Slope is attained by applying Eq. (5) where η is the 
overpotential (V), a the order at the origin, b the Tafel slope (V dec− 1) 
and j the applied current (A). This parameter provides information about 
the charge transfer kinetics [6]. For acidic HER evaluation, Linear Sweep 
Voltammetries (LSV) preventing catalyst oxidation were conducted and 
the potential window was set from − 0.25 to − 0.6 V. 

η= a + b*log j (Eq. 5) 

To ensure the selected catalyst’s long-term viability, stability tests 
were conducted. Chronopotentiometry and Accelerated Durability Tests 
(ADT) were employed for this purpose. Chronopotentiometry involved 
maintaining a constant current of 10, 50 and 100 mA cm− 2 for 30 h each 
while monitoring the corresponding potential. The smaller the variation 
in potential over time, the greater the catalyst’s stability. ADT entailed 
subjecting the catalyst to 10,000 cyclic voltammetry scans, comparing 
the initial and final scans to assess material stability. Following stability 
testing, the catalyst was extracted from the electrode by immersing the 
catalytic electrode in 1.5 mL of ethanol and sonicating it with the 
tubular probe. Subsequently, the ethanol was evaporated to allow for 
the characterization of the used catalyst.

2.4. Electrochemical characterization

To determine the ECSA, measurements were taken over a 0.1 V range 
in the non-Faradaic region, with scan rates varying from 10 to 400 mV 
s− 1. The ECSA was calculated by plotting the scan rate against half the 
difference in current density between the anodic and cathodic sweeps, 
resulting in a linear relationship. The slope of this plot provided the 
geometric CDL. The ECSA was then determined using Eq. (6), where Cs, 
the specific capacitance, was set at 40 μF cm− 2 [7,14]. 

ECSA=CDL/Cs (Eq. 6) 

EIS was recorded within the frequency range of 0.1–105 Hz to 
evaluate charge transfer impedance, resulting in the Nyquist plot. The 
semi-circle observed in the Nyquist plot represents the charge transfer 
resistance (Rp), while the plot’s origin (Rs) represents the system 
resistance, including the setup, electrolyte, and electrodes. By fitting the 
Nyquist plot to an equivalent circuit, these resistance parameters were 
extracted, enabling a comparison of catalytic performance in terms of Rp 
[36].

Electric efficiency was calculated at each current density according 
to the standard approach, as the ratio between the thermodynamic po
tential for water splitting (1.23 V) and the experimentally measured cell 
potential [37].

Both the synthesis and electrochemical characterization were per
formed in duplicate in this study. The results presented show the 
calculated averages. For greater clarity, the standard deviation (SD) is 
indicated next to the name of each series in the CV plots when more than 
2 samples are represented.

2.5. Characterization

The Point of Zero Charge (PZC) was determined for all samples 
following Rosales et al. [38] procedure with some adjustments. Briefly, a 
series of five 0.1 M NaNO3 solutions at various pH levels (ranging from 2 
to 12) were prepared, with initial pH adjustments made using 1 M HNO3 
and 1 M NaOH. After 24 h, the final pH of the supernatant was measured 
using a Hach-Lange SensIon + PH3 pH-meter.

Further characterization of the optimal catalyst (5 %-S/N@BC) was 
conducted at C.A.C.T.I., University of Vigo (Vigo, Spain). Scanning 
Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM- 
EDX) was performed using a JEOL JSM-6700F SEM equipped with an 
Oxford Inca Energy 300 X-ray EDS. XPS measurements utilized mono
chromatic Al-Kα radiation (1486.6 eV), collecting photoelectrons at a 
90◦ angle relative to the sample surface. Measurements were taken in 

Fig. 1. Diagram of the one-step, one-pot synthesis and electrode preparation methods used in this study.

Fig. 2. Three-electrode cell setup used for water splitting measurements in the 
potentiostat.
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Constant Analyzer Energy mode (CAE) with 100 eV pass energy for 
survey spectra and 20 eV pass energy for high-resolution spectra. Charge 
referencing was done by setting the lower binding energy C 1s photo 
peak at 284.80 eV (C1s hydrocarbon peak). Surface elemental compo
sition was calculated using standard Scofield photoemission cross sec
tions. X-ray diffraction patterns were obtained from powdered samples 
using a PANalytical X’Pert Pro diffractometer. This instrument was 
configured with a PW3050/60 goniometer, operating in a Theta/2Theta 
configuration, and utilized monochromatic CuKα1,2 radiation with a 
wavelength of 1.5406 Å, generated at 40 kV and 30 mA. The diffraction 
data were collected over a 2θ angular range spanning from 5◦ to 70◦, 
employing a continuous scanning mode at a rate of 0.0175◦ per second. 
Fourier Transform Infrared Spectroscopy (FTIR) was analyzed with a 
Thermo Fisher Scientific Nicolet 6700 fitted with an ATR accessory. 
FTIR spectra pre-processing was conducted using Orange data mining 
version 3.34 (Demšar et al., 2013). Rubber band baseline correction, 
truncation from 2715 to 1801.1 cm− 1, normalization with an extended 
multiplicative signal correction, and smoothing using the Savitzky- 
Golay algorithm (polynomial 2, window size 3, derivative order 0) 
were applied to all FTIR spectra. Raman spectra analyses were measured 
in a HR800UV (Horiba Jobin Yvon). The elemental composition of the 
obtained eco-electrodes was determined using a Fisons Carlo Erba 
EA1108 elemental analyzer. Finally, N2 adsorption-desorption iso
therms were made (3P Instruments Sync-200) for surface area deter
mination following Brunauer-Emmett-Teller (BET) analysis. Thus, the 
porosity was calculated by applying the statistic thickness surface area 
model for carbon black (STSA) (Eq. (7)), commonly used for carbons, 
which evaluates the thickness of N2 adsorbate as a function of relative 
pressure. From Eq. (7) curve, the volume and surface of micropores were 
obtained as intercept and slope, respectively [39]. 

t=0.88
(

p
p0

) 2

+6.45
(

p
p0

)

+ 2.98 (Eq.7) 

Barett-Joyner-Halendar (BJH) analysis of the N2-desorption part was 
used for the calculation of the pore area, specific volume of pores and 
pore size distribution [40].

3. Results and discussion

3.1. Point of Zero Charge

The PZC is an essential parameter for assessing the surface acidity of 
the catalysts. Hence, it offers valuable insights into the acidic oxygen- 
containing functional groups present on the char surface. PZC is 
defined as the pH value at which the net charge of the catalyst surface is 
zero, being the positive and negative charges balanced. In accordance 
with this definition, a solution pH below the PZC causes a greater 
contribution of positive charges, while values above the PZC generate a 
predominant contribution of anions on the catalyst surface charge [41]. 
The obtained values of PZC for all samples are shown in Table 1. As 
illustrated, BC and S/N@BC samples exhibit a decreased surface acidity 
compared to the raw banana peel. This reduction is attributed to the 
dehydration and carbonization reactions occurring during pyrolysis, as 

well as the preservation of the inorganic fraction, which significantly 
contributes to the alkalinity of the BC [42]. Moreover, the PZC values of 
all S/N@BC are higher than BC, which can be interpreted as a reduction 
of the acidic oxygen-containing surface groups in the former, maybe due 
to an increase in N and S groups, and/or a more oxidized surface in the 
latter [43]. Consequently, the eco-electrocatalyst would be negatively 
charged at the working pH (14.09), favoring H2O disposition for pro
moting O2 liberation (Fig. S1).

3.2. FTIR

BC and S/N@BC samples were examined using FTIR spectroscopy to 
analyze the surface functional groups within their carbon matrix, and 
the findings are illustrated in Fig. 3a. A reduction in oxygen-containing 
acidic groups can be observed in the S/N@BC electrodes, specifically 
with the clear reduction of –OH groups in the region of 3450 cm− 1 and 
C––O, associated with primary amides from banana peel proteins, and 
carboxylic groups. This is evident in the diminished bands on BC from 
the carbonyl C––O stretch near 1680 cm− 1 along with the band near 
1616.2 cm− 1 involving the NH2 bend and the band near 1405 cm− 1 

involving the C–N stretch. The reduction in the carboxyl groups can be 
seen in the region around 1600 cm− 1 [44]. These results are consistent 
with the increase in PZC, indicating greater surface oxidation in BC 
compared to S/N@BC. A clear reduction in the C––C bonds corre
sponding to vinylidene alkene bending in the region of 875 cm− 1 can 
also be observed [45]. This provides clues about the interaction between 
these bonds and the N and S atoms of thiourea during the synthesis 
process. Identification of N-functional groups is influenced by bond 
energy and repulsive forces, further impacted by other atoms or groups. 
However, three distinctive bands appeared at 1512, 1548.6, and 
1564.24 cm− 1 in the IR spectra of all S/N@BC samples, particularly 
prominent in the 5 %-S/N@BC. These bands are likely attributable to 
contributions from pyridinic and pyrrolic N structures [46]. There is also 
a significant increase in the region between 1240 and 1070 cm− 1, 
associated with quaternary or graphitic N, being the peak at 1121.1 
cm− 1 associated with C–N stretching vibration [47,48]. Regarding the 
S-doping, distinct peaks at 1140 and 1192 cm− 1 indicate the presence of 
C––S stretching in thiocarbonyl groups. Additionally, the 1033 cm− 1 

peak observed in all S/N@BC electrodes, highlighted on the 5 
%-S/N@BC corresponds to S––O bending in sulfoxides [44,49]. In 
addition, bands appearing in the fingerprint region further substantiate 
the presence of symmetric and asymmetric stretching vibrations of S. For 
example, an increase at 608 cm− 1 confirmed the presence of C–S bonds 
[44]. Based on these results, it is conclusively demonstrated that the 
doping process successfully introduces N and S into the carbon matrix of 
the synthesized electrodes, particularly in the case of the 5 %-S/N@BC 
electrode.

3.3. RAMAN

Raman spectra of carbon-based catalysts characteristically exhibit 
two distinguishable bands (Fig. 3b): the G band at 1580 cm− 1, linked to 
sp2 carbon that reflects the hybridization degree of the carbon material, 
and the D band at 1350 cm− 1, associated with sp3 carbon atoms resulting 
from graphite crystal defects or disorder [50]. The ratio of the intensities 
of these bands (ID/IG) serves as an indicator of surface defects on the 
catalyst; the higher the ID/IG, the greater the number of defective sites 
[49]. The extent of defects in a carbon-based catalyst greatly impacts its 
performance, primarily due to the contribution of free π-electrons from 
the sp2-hybridized carbon network [50].

In Fig. 3b the Raman shift for all the catalysts synthesized is dis
played and in Table 1 the ID/IG values are presented. The growth of 
defects and the small size of the sp2 domains were verified by the 
ascending ID/IG value of the S/N@BC samples, which was further 
augmented as the percentage of thiourea in the biochar synthesis 
increased until it slightly decreased on the 10 %-S/N@BC. Creating 

Table 1 
PZC, intensity ratios from band G and band D from Raman spectra (ID/IG), 
charge transfer resistance (Rp) and system resistance (Rs) values for all tested 
materials.

Sample PZC ±SD ID/IG Rs±SD Rp±SD

Ni-Foam – – 1.48 ± 0.05 2.62 ± 0.06
Raw banana peel 6.9 ± 0.1 – 0.69 ± 0.03 21.4 ± 0.78
BC 9.3 ± 0.4 0.95 1.32 ± 0.03 2.17 ± 0.03
2.5 %-S/N@BC 10.9 ± 0.3 1.00 1.67 ± 0.05 1.84 ± 0.07
5 %-S/N@BC 11.2 ± 0.2 1.12 1.47 ± 0.01 1.45 ± 0.04
10 %-S/N@BC 11.3 ± 0.3 1.11 1.67 ± 0.04 1.92 ± 0.06

S. Escudero-Curiel et al.                                                                                                                                                                                                                       International Journal of Hydrogen Energy 163 (2025) 150728 

4 



these disordered carbon structures through N/S-doping is advantageous 
as it generates additional active sites and enhances electrical conduc
tivity, thereby boosting electrochemical performance [51]. Structural 
defects present in the S/N@BC catalyst evidenced by Raman measure
ments, have been identified as active sites for the water splitting process 
[49]. Specifically, graphitic N and pyridinic N exhibit superior 
electro-catalytic activity compared to pyrrolic N, which is the main N 
form present in the S/N@BC as corroborated by FTIR data. Furthermore, 
the catalytic activity of doped S atoms is significantly enhanced in the 
synergistic presence of N atoms [49]. The eco-electrocatalyst that 
exhibited the greatest disorder and, therefore, had the highest number of 
defect sites was the 5 %-S/N@BC with an ID/IG value of 1.12. These 
findings related to the increase in defects due to doping with hetero
atoms have been supported by other authors, as reported by Xia et al. 
[25], who synthesized a S-self-doped biochar and observed an increase 
in defects (ID/IG = 1.01) compared to the undoped sample (ID/IG =

0.88). Similarly, Lian et al. [52] reported that a N-doped biochar derived 
from crop straws increased the ID/IG value from 0.75 to 1.06. Conse
quently, banana peels proved to be a more suitable raw material for 
biochar synthesis (with a higher ID/IG ratio) and the doping with thio
urea provided up to ID/IG = 1.12, which could be consistent with high 
catalytic activity.

3.4. XRD

Fig. 3c presents the XRD patterns obtained in 2θ ranging 10◦–80◦ to 
study the crystallinity of the BC and S/N@BC catalysts. The absence of 
sharp diffraction peaks proves that there are no crystalline phases in the 
materials [30]. XRD analysis revealed a broad peak around a 2θ angle of 
23◦ and another with less intensity at roughly 44◦, both indicative of (0 
0 2) and (1 0 0) reflection of a disordered/amorphous carbon phase 
[23]. The faint intensity of the (1 0 0) reflection indicates the carbon 
sample’s low crystallinity, which aligns with the previous Raman anal
ysis (section 3.3) [53]. Similar patterns were reported by Abdullah et al. 
[22] when characterizing banana peel derived biochar that was doped 
with urea and then used as OER-electrode. Consistent with the Raman 
results, slight differences were observed with the level of thiourea used 
in the synthesis, just as Sreńscek-Nazzal et al. [30] found no differences 

between banana peel-derived biochar and urea-doped banana 
peel-derived biochar.

3.5. SEM-EDS

The surface analysis of the synthesized materials was conducted 
using SEM-EDS (Fig. 4 and Fig. S2). The initial observation in Fig. 4
reveals a significant transformation from BC to S/N@BC materials. 
Although the synthesis temperature is not particularly high to promote 
the development of extensive porosity, the shift towards a more porous 
material with a uniform distribution of this porosity is evident on S/ 
N@BC. This may be attributable to the addition of thiourea and the 
production of gases like ammonia during the synthesis process [54]. The 
porosity might enhance OER performance by promoting catalytic re
actions due to the disordered morphology being intrinsically related to 
ECSA measurements [51]. In fact, for OER, defects in the carbon matrix 
led to facilitating the adsorption and desorption of OER intermediates 
[49]. However, the porosity developed in 10 %-S/N@BC material is 
lower than in the other S/N@BC, which could indicate a collapse in the 
pores due to an excess of doping [55]. EDS analyses are shown in Fig. S2. 
EDS analysis showed the doping is homogeneous throughout the BC 
surface, ensuring stable catalytic activity. It can be distinctly observed 
that the concentration of N and S on the surface of the samples increases 
as the percentage of thiourea used in the one-pot synthesis process is 
increased. These findings are consistent with those reported by other 
authors when performing co-doping in carbon-based materials as is the 
case of Li et al. [49] with N/S co-doped graphene as a defect-rich car
bocatalyst for its usage on water splitting and Huo et al. [56] who used a 
N/S co-doped porous carbon obtained from sawdust for pollutants’ 
adsorption.

To validate the effectiveness of the doping process, CHNS elemental 
analysis was conducted on all eco-catalysts synthesized in this study, 
with the results detailed in Table S1. The elemental analysis reveals 
significant compositional changes across banana peel-derived samples. 
Initially, the raw banana peel consists of 39.87 % C and 1.89 % N. 
However, after undergoing pyrolysis, the carbon content significantly 
rises to 72.77 %, while N increases slightly to 2.75 %. In contrast, H 
content decays from 5.67 % to 2.21 %, reflecting the loss of volatile 

Fig. 3. FTIR (a) and Raman spectra (b), XRD patterns (c) for all synthesized catalysts.
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components during carbonization [57]. Subsequent S/N@BC treatments 
demonstrate controlled heteroatom incorporation: N content progres
sively increases from 3.33 % (2.5 %-S/N@BC) to 6.39 % (10 
%-S/N@BC), paralleled by S rising from 0.85 % (BC) to 2.36 % (10 
%-S/N@BC). These trends indicate successful synthesis of N/S@BC 
carbon matrices. These results are consistent with the study by Sreńs
cek-Nazzal et al. [30], which reported a 5.8 % N content after doping 
banana peel with urea (1:1 mass ratio) at a lower temperature (700 ◦C). 
In fact, their study reported a decrease in N content with increasing 
temperature. Therefore, our findings are consistent, as we used a rela
tively lower doping temperature (550 ◦C compared to 700 ◦C), which 
helps preserve a higher N content.

3.6. BET

The N2 adsorption-desorption analysis provided the data depicted on 
Table S2. As illustrated, biochar from banana peels exhibited negligible 
porosity whereas the addition of thiourea created new pores. This is in 

concordance with previous authors, which also noticed a BET increase 
after N [58,59] or S doping [60]. For instance, similar to this study, N 
incorporation in banana peels biochar through urea doping caused the 
increase on surface area after the synthesis at mild temperatures [30].

As seen in Fig. 5, the materials doped with 5 and 10 % thiourea 
exhibited mesoporosity [30]. 5 %-S/N@BC exhibited even a micropo
rous structure, where the N2 adsorbed increased at low relative pres
sures. This is apparent on the depicted micropore area measured (176.5 
m2 g− 1). This multiplicity surface area due to N/S doping at appropriate 
dosages ensures the creation of ion transport channels which promote 
electrochemical activity [61]. Hence, mesopores presence reduces 
electrolyte diffusion resistance whereas macropores act as electrolyte 
transporters [61].

Specifically, the maximum porosity was obtained in 5 %-S/N@BC. 
This material exhibited an isotherm type IV, due to its high content of 
mesopores, showing a monolayer formation at low relative pressures 
and the condensation on the mesopores is noticeable on the hysteresis 
loop (Fig. 5a) [60]. This hysteresis loop is only present on the S/N doped 

Fig. 4. SEM images of the different synthesized materials: (a) BC, (b) 2.5 %-S/N@BC, (c) 5 %-S/N@BC and (d) 10 %-S/N@BC.

Fig. 5. N2 Isotherms of the synthetised materials from banana peels (a), pore size distribution of BC and 2.5 %-S/N@BC (b), and pore size distribution of 5 %-S/ 
N@BC and 10 %-S/N@BC (c).
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biochars [59], demonstrating this treatment promotes mesopore and 
micropore generation. This isotherm type IV has been previously found 
for biochar-based materials due to biomass decomposition and gases 
generation [59,60].

The higher BET of 5 %-S/N@BC achieved when compared to the 
other materials synthesized is beneficial for the subsequent catalytic 
activity, as the active sites are more exposed [58]. Nevertheless, 
increasing the N/S doping to 10 %-S/N@BC caused a decrease on BET, 
due to the coverage of the BC structure with thiourea [55,62] as pre
viously suggested by the EDS images (section 3.5).

As noticed on pore distribution plots (Fig. 5b,c), the pores range from 
2 to 10 nm, linked to mesopores presence [31] which are dominant in all 
the samples but 5 %-S/N@BC. The more homogeneous pore size dis
tribution of 5 %-S/N@BC (Fig. 5c), causes it to have a higher BET than 
the other synthetised catalysts [63]. Fortunately, 5 %-S/N@BC exhibi
ted a higher pore volume than previous studies based on biochar [64,
65]. However, the addition of more thiourea on 10 %-S/N@BC caused 
the pores to clog and reduce their size to mesopores [65]. On the case of 

BC and 2.5 %-S/N@BC (Fig. 5b) the insignificant pore amount is mainly 
distributed as mesopores. Thus, regarding 5 %-S/N@BC, its high content 
of micropores with a certain amount of mesopores and the big pore 
volume would favor the presence of electro-active sites [64] which may 
promote water splitting reactions.

3.7. Electrochemical measurements

3.7.1. Cyclic voltammetry
The electrocatalytic behavior of the samples was measured by cyclic 

voltammetry (CV). When examining the CV in Fig. 6a (and Fig. S3) it 
became clear that the eco-electrocatalyst 5 %-S/N@BC exhibited supe
rior OER performance compared to the other S/N@BC samples and Ni- 
Foam, as demonstrated by the higher current density (mA cm− 2) outputs 
achieved at the same applied overpotential (mV). Samples BC and 2.5 
%-S/N@BC delivered similar electrocatalytic behavior, probably indi
cating that that level of S/N-doping was not sufficient for redistributing 
the charges in the carbon matrix. Likewise, 10 %-S/N@BC and Ni-Foam 

Fig. 6. Electrochemical characterization of all synthesized samples in 1 M NaOH: CVs (a), Tafel slope (BC in green, 2.5 %-S/N@BC in blue, 5 %-S/N@BC in red and 
10 %-S/N@BC in orange) (b), Nyquist plot (c), Nyquist simulated circuit (d) and a performance comparison of the OER activity of 5 %-S/N@BC with other reported 
similar materials. See Table S4 for more details and references (e). SD is shown in brackets for each sample. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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presented similar results between them but worse than BC and 2.5 %-S/ 
N@BC, which might indicate that a higher level of doping makes cata
lytic performance worse rather than better [26]. A drastic reduction in 
the overpotential values can be observed when introducing BC and 
S/N@BC onto bare Ni-Foam to reach specified current densities of 10, 
50, and even 100 mA cm− 2, indicating good catalytic activity and an 
improvement in practical effectiveness. Particularly, the 5 %-S/N@BC 
sample showed remarkable performance, achieving 290 mV for j of 10 
mA cm− 2 (ŋ10) and a Tafel slope value of 40.4 mV dec− 1. These exper
imental overpotential outputs are significantly low, even when 
compared to other commercial metallic catalysts such as IrO2 (320 mV 
for j of 10 mA cm− 2) [66] or RuO2 (350 mV for j of 10 mA cm− 2) [67]. 
Furthermore, the results surpass those reported by other authors using 
some types of carbon-based metal-free materials (Fig. 6e and Table S4); 
for instance, Xia et al. [25] reported an overpotential of 362 mV for 10 
mA cm− 2 when testing a biochar from Camellia japonica [68]. Not only is 
the performance achieved by the S/N@BC materials significantly su
perior to other carbon-based metal-free materials, but even when 
compared to studies using carbonaceous materials doped with different 
metals, the results of this study still demonstrate a remarkable differ
ence. For instance, Lofek et al. [24] reported overpotential values 
ranging from 358 to 372 mV for 10 mA cm− 2 using various cobalt-doped 
biomasses. Similarly, the performance of 5 %-S/N@BC is very similar to 
that reported by other authors using a Ni–Fe electrode supported by 
N-rich graphene oxide derived from algae, needing an overpotential of 
310 mV for 10 mA cm− 2 [68]. Additionally, sample 5 %-S/N@BC, which 
peaked at 147.7 mA cm− 2 at an overpotential of 336 mV, also presented 
the highest anodic and cathodic peaks among the rest of the samples at 
1.43 and 1.37 V vs. RHE, respectively. This pre-oxidation peak is 
intrinsically related to the O2 evolution at the anode due to the adsorbed 
hydroxyl groups [6], providing further evidence of the sample’s 
impressive performance as an electrocatalyst for OER. In order to 
elucidate the particular influence of S in the doping process, a 
comparative experiment was carried out. In this experiment, urea-doped 
BC (5 %-N@BC) was utilized as a substitute for thiourea. As demon
strated in Fig. S4, the electrochemical performance was reduced 
significantly in the absence of S, proving a critical contribution of S to 
the doping mechanism. This finding is supported by recent studies 
regarding the critical contribution of S to the doping mechanism and 
electrocatalytic performance of the materials [69]. It has been reported 
according to the Density Functional Theory (DFT), that the process of 
co-doping with N and S modifies the electronic and spin structures of the 
material [69]. This enhanced mechanism is rooted in two fundamental 
factors. First, the higher electronegativity of N leads to charge polari
zation through electron-withdrawing effects [70]. Second, S larger 
atomic radius when compared to N generates structural defects and 
asymmetric spin density, with its p-orbital electrons extending π-systems 
to improve oxygen interactions [71]. Consequently, N/S-co-doping 
disrupts sp2 structures in a synergistic manner, enabling charge delo
calization that optimizes conductivity, as well as increasing the popu
lation of catalytically active carbon sites and reducing charge transfer 
resistance [70].

3.7.2. Tafel slope
Tafel slopes of all the samples analyzed are presented in Fig. 6b (and 

Fig. S3). The performance of the bare Ni-Foam electrode is included for a 
better comparison with the synthesized BC and S/N@BC samples. A 
lower Tafel slope indicates quicker reaction kinetics and greater activity 
of the electrocatalyst [72]. Clearly, both the overpotential and Tafel 
slope show the one-pot S/N co-doping causes a significant OER perfor
mance, being 5 % the optimal doping. This could be explained consid
ering that N-doping introduces active functional groups that enhance 
OER and reduce carbon corrosion, improving selectivity for O2 reduc
tion over CO or CO2 [73]. On the other side, S-doping increases the 
carbon atom’s charge density, facilitating charge transfer and boosting 
catalytic activity [25]. The substitution of an N atom with an S atom is 

known to result in the nearby carbon atom losing fewer electrons to the 
surrounding carbon network. Considering electronegativity values (N >
S ≈ C), the doped site effectively donates electrons to electronegative 
oxygen species, strengthening carbon-oxygen interactions. However, 
excessive S-doping can lead to suboptimal stabilization, hindering OER 
[26] as revealed by the results obtained for the sample 10 %-S/N@BC. 
The results obtained by 5 %-S/N@BC are superior to those reported for 
IrO2 with a Tafel slope of 76 mV dec− 1 [66] or RuO2 with a Tafel slope 
59 mV dec− 1 [67]. Additionally, this value surpasses all Tafel slopes 
reported by Li et al. [49], when doping graphene with different levels of 
N and S as defect-rich carbocatalyst for water splitting. Moreover, these 
results also surpass the performance of the ones reported by Jiang et al. 
[51] who studied carbon-based electrodes varying the doping hetero
atom (S/N/P). Another noteworthy example is provided by the Tafel 
slope values reported in some studies that dope biomass with metals, 
which also obtained higher values than those obtained in this study, as 
seen in the case of cobalt-doped biomass [24] and Ni/Fe-doped biomass 
[68]. This highlights the highly competitive performance and kinetics 
rate of the metal-free 5 %-S/N@BC on OER.

3.7.3. Electrochemical impedance spectroscopy-Nyquist plot
The results derived from the EIS test can be seen in Fig. 6c, which 

interpretation is straightforward: the smaller semicircular radius at high 
frequency Z ′, the lower charge transfer resistance and quicker electron 
transfer [6]. The direct implication is that the OER reaction would be 
favored in those cases. In the Nyquist plot, it can be observed that the 
smallest arc is exhibited by the 5 %-S/N@BC sample, which correlates 
with lower Tafel values and enhanced CV performance, reflecting 
elevated electrocatalytic activity. Conversely, the largest arc, indicating 
the lowest performance, corresponds to the 10 %-S/N@BC and Ni-Foam 
electrodes. The intermediate values between these two extremes are 
observed in samples 2.5 %-S/N@BC and BC. When comparing these EIS 
data with those reported by other authors, a similarity can be observed 
between the study performed by Li et al. [74] and their Nyquist plot 
obtained for their optimal sample, Co3O4/BMC-400, and the 5 
%-S/N@BC sample of this study. This is a promising result, as our 
metal-free S/N doped BC exhibited electron transfer capacity values 
comparable to those of mesoporous carbon-modified CO3O4 quantum 
dots doped with S/N.

Key parameters extracted from the EIS simulated circuit (Fig. 6d and 
Table 1) are the system resistance (Rs) and charge transfer resistance 
(Rp) which measure the system resistivity and polarization resistance 
respectively [75]. On one side, Rs, series resistance, is affected by the 
setup, electrolyte, catalyst layer, and the ohmic resistance of the elec
trolyte between the reference and the working electrode [36]. All tested 
electrodes exhibited comparable Rs, ranging from 1.3 to 1.69 W (see 
Table 1), indicating a high degree of consistency in the experimental 
setup and conditions [76]. On the other side, Rp represents the resis
tance to charge transfer at the electrode-electrolyte interface and can be 
associated with various physical properties such as kinetics of electro
chemical reactions, mass transfer barriers and diffusion mechanisms. 
Fundamentally, Rp provides information about the efficiency and output 
of electrochemical reactions within the system. It is defined as the 
resistance of the electrolyte to oxidation when an external potential is 
applied. Additionally, Rp values are inversely proportional to the rate of 
electrochemical oxidation [77]. As seen in Table 1, bare Ni-Foam 
delivered the highest Rp value, linked to an inferior electron transfer 
capacity, while all S/N@BC catalysts significantly reduced that value, 
specially the 5 %-S/N@BC samples that yielded the lowest Rp scores, 
suggesting their greater capacity for electrochemical oxidation in the 
presence of oxygen, hydrogen or hydroxide [36]. The Rp values ob
tained are lower than those reported for Co3O4 quantum dots [74]. 
However, when comparing these results with those reported by Xia et al. 
[25] using a carbon-based sulfur self-doped multifunctional biochar 
catalyst, we observe that the values obtained in this study are slightly 
higher, suggesting that the electron transfer capacity is lower in our 
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case. Nonetheless, these small variations could also be attributed to the 
different setups used in each study, as the electrodes and electrolytes 
vary, potentially affecting the impedance values.

All these data are consistent with those found so far both in the CV 
and Tafel, reflecting again that the 5 %-S/N-doping applied in this study 
is successful and delivers outstanding results in terms of OER perfor
mance. A potential reason for the improved results could be that the 
inherent nature of BC derived from banana peel gives rise to a defective 
structure. This unique structural characteristic provides a favorable 
framework for the incorporation of N and S active sites during the 
doping process. These active sites stabilize and strengthen the interac
tion between the critical intermediates and the catalyst, thereby further 
amplifying its proactive influence on OER catalytic activity [10].

3.7.4. Electrochemical Active Surface Area
Electrochemical Active Surface Area (ECSA) serves as a crucial 

metric for assessing the effective working area available for catalysis, as 
catalysts with high ECSA facilitate water splitting processes [78]. To 
determine ECSA, multiple CV curves were recorded at varying scan rates 
(see Fig. S5 for details), where the resulting current response was 
attributed solely to capacitive behavior (non-Faradaic process). From 
these CV data, a plot of current density (mA cm− 2) against scan rate (mV 
s− 1) (Fig. 7a) was used to estimate the geometric double-layer capaci
tance (CDL). Since CDL provides a direct measure of an electrocatalyst’s 
ECSA, a higher CDL indicates greater ECSA and, consequently, superior 
electrocatalytic performance [78], being 3.4 mF cm− 2 the value ob
tained for 5 %-S/N@BC. Hence, a greater ECSA leads to increased ab
sorption of water molecules and intermediates on the catalytic material 
surface, thereby offering more electrochemically active sites. This 
enhancement is advantageous for improving both the rates of HER and 
OER [51]. The trend of electrodes doped with S/N is clearly observable 
(Fig. 7b), with ECSA values notably increasing and reaching a significant 
maximum of 78.5 cm2 for the 5 %-S/N@BC eco-electrocatalyst. How
ever, the ECSA values decrease for the 10 %-S/N@BC electrode, likely 
due to the structural collapse and reduced pore size resulting from 
excessive S/N-doping within the BC matrix [55] as corroborated by EDS 
images and BET analysis. This value is consistent with the SEM super
ficial analyses and with the exceptional results achieved by 5 
%-S/N@BC electrode in OER measurements. Comparing these values 
with those of other metal-based catalysts, we observe that our catalyst 
provides competitive results. For instance, Patel et al. [79] studied 
metal-organic framework-derived core-shell nanoparticles and reported 
an ECSA value of 3.7 cm2. Furthermore, the values for 5 %-S/N CDL and 
ECSA exceeded those obtained by Ghosh et al. [80] with a metal-free 
thiadiazolate-based N and S-rich porous organic polymer, reporting a 
CDL value of 1.27 mF cm− 2 and a corresponding ECSA of 3.8 cm2. 
Conversely, when compared with other carbon-based electrodes with 
higher porosity due to their nature or higher synthesis temperature re
ported in the literature, our results are slightly lower. For example, Ma 

et al. [32] reported a CDL value of 6.1 mF cm− 2 for an N/P-doped bio
char electrode synthesized at 800 ◦C from agricultural residues. Simi
larly, Zhang et al. [33] reported a CDL value of 6.8 mF cm− 2 for an 
N/P/O-doped 3D porous nanostructure. Consequently, the hereby 
attained equilibrated ECSA values may favor the superior OER activity 
found with 5 %-S/N@BC.

3.8. Additional evaluation of 5 %-S/N@BC electrode

Given that 5 %-S/N@BC emerged as the most effective option among 
the four electroactive substances evaluated, this section focused on 
conducting a more in-depth examination of this catalyst.

3.8.1. Effect of catalysts dose and pH
The optimal OER properties were observed with a catalyst loading of 

1 mg cm− 2. It can be easily interpreted from Fig. 8a that increasing the 5 
%-S/N@BC content on the Ni-Foam support beyond this level had a 
negative effect while lower loadings resulted in insufficient perfor
mance. Comparable results were reported by Torres-Pinto et al. [34], 
who optimized the catalyst loading on the electrode. They found that, 
under identical experimental conditions and setup to those used in our 
work, they also identified the same optimal loading. On the other hand, 
the authors using a biochar derived from tea extract-doped with Fe [81] 
found an optimal catalyst loading of 0.25 mg cm− 2. They noted that at 
higher loadings, nanoparticle agglomeration could block active surface 
sites, reducing the effective surface area, likely due to excess Fe occu
pying available sites. Therefore, it is possible that removing metals from 
the electrodes necessitates a higher catalyst loading to maintain per
formance. Thus, finding the precise balance in catalyst loading is crucial 
to achieving the best possible electrocatalytic activity, as excessive 
catalyst amounts can obstruct or block the accessibility of active sites 
reducing efficiency, while too little can impede effective charge transfer 
on the electrode surface, both of which negatively impact overall elec
trode performance [82].

Although many doped carbon materials exhibit remarkable electro
catalytic activity individually for OER or HER, few can perform well 
simultaneously due to instability or inactivity in unfavorable pH envi
ronments [83]. Consequently, considering the robust performance of the 
5 %-S/N@BC in alkaline OER, we explored its efficacy over a range of 
pH environments (Fig. 8b). As expected, the neutral and acidic OER 
demonstrated subpar performance. This can be attributed to the fact that 
under acidic conditions, an energy input of 1.23 V is required for elec
trochemical water splitting compared with 0.4 V in alkali conditions 
[84]. However, the slow reaction rates of HER and OER necessitate 
significant overpotentials to achieve substantial current density, thereby 
reducing energy conversion efficiency. Consequently, the actual voltage 
required for water splitting exceeds 1.23 V by a considerable margin 
[85]. Thus, while the 5 %-S/N@BC eco-electrocatalyst required an 
overpotential of 993 mV for achieving j of 3 mA cm− 2 under neutral 

Fig. 7. Data obtained from ECSA measurements: CDL (a) and ECSA values (b).
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conditions and an only 584 mV for j of 7 mA cm− 2 under acidic condi
tions, its performance still fell short of that achieved under alkaline 
conditions. Similar results were reported by Dominguez-Alonso et al. 
[81] when using a tea extract biochar loaded with 10 %wt. Fe. However, 
Torres-Pinto et al. [34] using g-C3N4 achieved excellent electrocatalytic 
performance in acidic and even neutral media, attributing it most likely 
to the amphoteric nature of C3N4. Therefore, improving this aspect of 
the catalyst in the present study should be considered. Nevertheless, 
current scale-up H2 generation is carried out at alkaline pH as is the case 
of Alkaline Water Electrolysis cells (AWE) and Anion Exchange Mem
branes (AEM) [86].

3.8.2. Hydrogen evolution reaction and overall water splitting
In the case of acidic HER (Fig. 8c), achieving 10 mA cm− 2 required an 

overpotential of 200 mV, demonstrating some HER catalytic activity 
when compared to the near 400 mV needed for carbon paper alone to 
achieve a maximum of 4 mA cm− 2. This result is promising, as the 
performance exceeds previous studies on non-metal catalysts. For 
instance, to reach 10 mA cm− 2, Li et al. [49] required 310 mV for their N 
and S co-doped graphene as defect-rich carbocatalysts in acid media and 
García-Dalí et al. [87] reported a value of 270 mV for a 
phosphorus-doped carbon-based electrocatalyst. However, although 
very close to our value, Xia et al. [25] reported an overpotential of 154 
mV at 10 mA cm− 2 for their S self-doped carbon nanospheres. Similarly, 
Atchudan et al. [23] achieved 10 mA cm− 2 at an overpotential of 150 
mV using their MoS2@BPPC/CC catalyst, which was derived from ba
nana peel-derived but doped with the metal molybdenum. Conse
quently, further studies would be focused on additional 5 %-S/N@BC 
modifications in order to enhance this promising HER performance.

As previously noted, current large-scale H2 production is primarily 
conducted using AWE or AEM cells, both operating in alkaline media 
[88]. In light of this and motivated by the remarkable alkaline OER 
performance exhibited by 5 %-S/N@BC, we further investigated its 
bifunctional potential for overall water splitting (OWS) in alkaline 

conditions to gain deeper insight into its catalytic efficiency. In this 
system, 5 %-S/N@BC was uniformly deposited onto carbon paper for 
use as the cathode and onto Ni foam for use as the anode. As it can be 
seen in Figs. 8d and 5 %-S/N@BC could also serve as a bifunctional 
electrocatalysts for driving alkaline OWS, with a notably low cell voltage 
of 1.58 V required for reaching 10 mA cm− 2. This means that the system 
proposed here demonstrates clear advantages over most previously re
ported electrocatalysts, including those not based on biomass [89]. The 
obtained Tafel slope of 59.2 mV dec− 1 is still within the range of values 
reported by other studies using carbon-based catalysts only in OER 
performance (Table S4). Therefore, as evidenced by Fig. 8d and 
Table S4, these results are markedly superior than those reported in 
other studies employing biomass-based electrodes, such as those by Xia 
et al. [25]. Finally, the energy efficiency of the cell during OWS was 
calculated (Fig. S7a), being higher than 75 % even at the highest po
tential, meaning that the cell operates with a remarkably low energy loss 
and high conversion efficiency. As a comparison, Xia et al. [25] reported 
a voltage of 1.76 V in their electrolytic cell during OWS to reach a 
current density of 10 mA cm− 2 using a S self-doped biochar, translating 
to an energy efficiency of 70 %. Likewise, Zhang et al. [33] used a 
N/P/O@doped porous carbon, registering a voltage of 1.9 V under 
comparable conditions, which yield an energy efficiency of 65 %.

3.8.3. Stability tests
Chronopotentiometry measurements were conducted at current 

densities of 10, 50, and 100 mA cm− 2 to assess the electrochemical 
stability of the 5 %-S/N@BC and IrO2 catalysts and the results are pre
sented in Fig. 9a–c. The overpotential stability of the 5 %-S/N@BC eco- 
electrocatalyst remained remarkably consistent, exhibiting an increase 
of less than 2 %, 5.90 % and 7.96 % from the initial overpotential over a 
continuous 30-h measurement period at 10, 50 and 100 mA cm− 2 

respectively (Fig. 9a). These results are comparable to those reported by 
other researchers who synthesized various types of carbon-based elec
trodes, which have been reported to maintain stability for periods 

Fig. 8. Analysis of OER performance with the 5 %-S/N@BC electrode as influenced by varying catalyst mass loading (a), OER CVs performances at different pH (b), 
HER performance of 5 %-S/N@BC and carbon paper in acid media (c), and polarization curves of 5 %-S/N@BC for overall water splitting in alkaline conditions (d). 
SD is shown in brackets for OER CVs and as a shadow in HER.
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ranging from 15 [34] to 50 h [51]. In contrast, IrO2 (Fig. 9b) displayed 
great stable activity at 10 mA cm− 2 during 15h (400 mV); however, 
when applying higher current densities, the overpotential augmented 
considerably and steadily over the 15-h period, skyrocketing to values of 
800 mV at 100 mA cm− 2 applied. Furthermore, chronopotentiometry 
analysis of Ni-Foam alone (Fig. 9b) revealed high overpotentials but 
demonstrated robust endurance to applied current intensities, high
lighting its resilience as an effective support for carbon-based electrodes. 
The durability of materials is a critical factor in catalyst selection due to 
its direct impact on the effectiveness of the OER and overall process cost 
[7]. Thus, to further assess the stability throughout the entire OER po
tential range, ADT was conducted (Fig. 9c). These findings emphasize 
the superior electrochemical stability of the 5 %-S/N@BC 
eco-electrocatalyst, particularly when compared with the benchmark 
catalyst, highlighting the potential of this metal-free catalyst to enhance 
the OER.

The stability of the catalyst during alkaline OWS was also examined. 
The overpotentials obtained at three different current densities are 
shown in Fig. 9d. As expected, the overpotentials for OWS are higher 
than those observed in the original setup for OER at each applied current 
density (10, 50, and 100 mA cm− 2). For each 30-h period, a substantial 
increase can be observed, indicating that the stability is lower than in 
the OER study. Specifically, there is a 26 % increase at the end of the 10 
mA cm− 2 period, a 37.7 % increase after the 30 h at 50 mA cm− 2, and a 
40.9 % increase after applying 100 mA cm− 2. These results indicate that 
the catalyst undergoes greater degradation over time during OWS, and 
that at current densities closer to those used in commercial devices, the 
stability would not be optimal. All of this is related to the limited HER 
performance of the catalyst; however, numerous studies have consid
ered the use of different cathode and anode materials [90,91]. In fact, 
IrO2 and Pt/C are commonly used as benchmark catalysts for the OER 
and HER, respectively [6,7]. The average energy efficiency of the cell 

over the 30-h test at each current density was calculated (Fig. S7b). At 
the end of the 10 mA cm− 2 period, the average efficiency remains above 
70 % while after the 50 mA cm− 2 interval, the efficiency decreased to 
67.23 %. Finally, at the end of the 100 mA cm− 2 period, the efficiency 
was recorded at 55.5 %. These results indicate a clear trend of 
decreasing energy efficiency with increasing current density, high
lighting the impact of operational conditions on the cell’s long-term 
performance. Among the reasons for this high operational impact are 
that working at higher intensities reduces Faradaic efficiency due to the 
promotion of bubbles generation [92], the appearance of side reactions 
[93] and mass transfer limitations [94]. Nevertheless, some previous 
studies have shown lower energy efficiencies when evaluating OWS [25,
33].

SEM images were taken to assess the morphological stability of the 
catalyst after the OWS stability test. In these images (Fig. S8), the same 
structures observed in the pristine material prior to use are still present 
at the end of the stability test, indicating that no substantial changes 
occurred. This, together with the stability data, suggests that the ma
terial is structurally robust enough to effectively withstand long periods 
of use in industrially relevant scenarios.

3.8.4. X-ray Photoelectron Spectroscopy
The content, types, and states of the surface constituent elements, 

particularly heteroatom species, in the prepared 5 %-S/N@BC eco- 
electrocatalyst were analyzed both before and after its long-term use 
through X-ray Photoelectron Spectroscopy (XPS) measurements. Results 
are presented on Fig. 10, the deconvoluted peaks in Table S3 and the 
survey spectrum in Fig. S6. Starting with the analysis of the pristine 
sample, Fig. 10a–c presents the fine spectra of C 1s, N 1s, and S 2p, 
respectively, for the 5 %-S/N@BC material before use, while Fig. 10d–f 
depicts the same spectra after 90 h of OER chronoamperometry testing. 
Fig. 10a reveals the presence of C–C and C––C (284.8 eV), together 

Fig. 9. Stability evaluation of 5 %-S/N@BC in alkaline medium: Chronopotentiometry analysis for 5 %-S/N@BC (a), and Ni-Foam and TiO2 (b), ADT (c), and OWS 
stability (d).
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accounting for 75 % At. It also shows more oxidized species such as 
C–O–C, C–OH (286.25 eV), and C––O–O (288.5 eV) [95], present at 
18.25 % At. and 12.66 % At., respectively. The C–S and C–N bonds are 
somewhat overlapped by the peaks corresponding to C–O, given their 
similar energy levels and significantly lower abundance. Regarding N 
content, 31.6 % At. is identified as pyridinic N (398.5 eV) and 68.4 % At. 
as pyrrolic N (400.49 eV) [51] (Fig. 9b). This is significant as pyridinic 
nitrogen enhances notably the surface wettability of the electrocatalyst, 
promoting better electrolyte diffusion within the material. Additionally, 
pyridinic N elevates the electron density and boosts the electrocatalytic 
activity [96]. For S (Fig. 10c), surface analysis indicates that 7.12 % At. 
is present as thiophene C–S–C (163.7 eV) and 65.37 % At. as SO3/SO4 
(168.1 and 169.2 eV) [27]. It has been suggested that the incorporation 
of thiophene S enhances catalytic kinetics by promoting the adsorption 
of intermediates, thereby boosting the overall electrocatalytic perfor
mance [51]. These results are consistent with, and thus validate, the 
findings from FTIR analyses. Turning to the results obtained after using 
the 5 %-S/N@BC, the C1s deconvolution (Fig. 10d) shows a clear shift 
from cyclic carbon towards oxidized forms, with C–O–C and C–OH 
decreasing to 6.36 % At. and C––O–O increasing to 28.8 % At., fact 
which is consistent with the application of the OER. The C1s peak in 
Fig. 10d that appears after use at 291.7 eV arises from –CF2- group. Its 
presence in the sample is attributed to the binder used in this study, 
Nafion® [97] present due to the 5 %-S/N@BC extraction process based 
on EtOH extraction with ultrasonic cavitation from the Ni-Foam sup
port. Regarding the N1s spectrum (Fig. 10e) after 5 %-S/N@BC use, 
significant changes were observed in the content of pyridinic N, pyrrolic 
N, and graphitic N. This time, it can be deconvoluted into two peaks: 
pyrrolic N at 398.5 eV which increased to 71.8 % At. after use, and a new 
peak of graphitic N, emerging at 402.790 eV with 28.2 % At. The 
disappearance of pyridinic N indicates that this species is the main active 
site in the OER process, and the maintenance of efficiency throughout 
the cycles can be attributed to the emergence of graphitic N, which has 

also demonstrated great electrocatalytic activity [49]. Finally, S2p 
presented only one peak at 168.39 eV indicating that all S was oxidized 
to SO3/SO4 (Fig. 10f) in the electrode. Hence, thiophene was confirmed 
to be a crucial active site in the OER process. These findings align with 
those reported by Jing et al. [51] on doping carbon-based electrodes 
with various heteroatoms (S, N, and P), as well as with the work of Li 
et al. [49], who achieved a defect-rich electrode for electrochemical 
water splitting by doping graphene with S and N.

The XPS spectra for S2p and N1s (Fig. 10c, d, 10f) showed lower 
signal-to-noise ratios than expected, likely due to XPS’s surface sensi
tivity (~5–10 nm depth) and the catalyst’s local heterogeneity [95]. 
Despite this, the spectra still offer valuable surface composition insights. 
Bulk CHNS analysis (Table S1) confirms successful N and S incorpora
tion (e.g., 4.47 % N, 1.29 % S in 5 %-S/N@BC), highlighting the need for 
multimodal characterization to bridge surface and bulk discrepancies in 
such heterogeneous materials.

4. Conclusions

This study has demonstrated the feasibility of producing an efficient 
and functional eco-electrocatalyst for water splitting reactions entirely 
derived from agro-industrial waste. This approach addresses the dual 
challenges of excess waste and the need for renewable energy resources 
to support the growing global population. Thus, for the first time, ba
nana peels were doped with thiourea in a one-pot pyrolysis synthesis for 
its usage on the challenging OER. The optimal eco-electrocatalyst ob
tained in this study, the 5 %-S/N@BC, has demonstrated highly 
competitive performance when compared to other more complex metal- 
free catalysts or even carbon-based catalyst doped with metals, defeat
ing even benchmark IrO2. Besides, this catalyst exhibited excellent sta
bility over prolonged testing periods. Furthermore, it has been clearly 
demonstrated that one-pot S/N co-doping is a green and effective 
technique for reducing electrode overpotentials and, thus, increasing 

Fig. 10. 5 %-S/N@BC XPS deconvolution spectra before use for: C1s (a), N1s (b), S2p (c); and after use for: C1s (d), N1s (e), S2p (f).
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overall water splitting efficiency. The exceptional performance obtained 
(290 mV for j of 10 mA cm− 2, Tafel slope of 42.2 mV dec− 1) is highly 
competitive, not only among carbon-based electrodes but also in com
parison with those containing a significant proportion of metals. The 
stability exceeding 90h without significant loss of electroactivity sug
gests that this catalyst could be considered even for industrially relevant 
applications. Despite the strong results, there is still room for improve
ment, particularly in acidic performance. Enhancing this aspect could 
lead to the development of a dual-function electrode suitable for both 
OER and HER. Indeed, overall water splitting was essayed and only 1.58 
V were required for obtaining 10 mA cm− 2. The synthesis and successful 
use of 5 %-S/N@BC for the first time opens a path for large-scale ap
plications considering the use of an environmentally friendly compound 
like thiourea and the single step syntheses process. This investigation 
sets the stage for advancing water splitting processes through cost- 
effective methods and minimizing environmental and economic im
pacts. The encouraging findings underscore the need for additional 
research to fully harness and refine the potential of this eco- 
electrocatalyst.
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Lazzari M. S/N/O-Enriched carbons from polyacrylonitrile-based block copolymers 
for selective separation of gas streams. Polymers (Basel) 2024;16:269. https://doi. 
org/10.3390/POLYM16020269/S1.

[61] Abo Kamar SM, Ibrahim AA, El-Hakam SA, El-Sharkawy EA, Ahmed AI, Adly MS. 
Architecture of interconnected cubic NiCo2S4 decorated mesoporous carbon with 
self-doped nitrogen based-hydrogel for high performance hybrid supercapacitor. 
J Energy Storage 2024;99:113384. https://doi.org/10.1016/J.EST.2024.113384.

[62] Lima RMAP, dos Reis GS, Lassi U, Lima EC, Dotto GL, de Oliveira HP. Sustainable 
supercapacitors based on polypyrrole-doped activated biochar from wood waste 
electrodes. C 2023, Vol 9, Page 59 J Carbon Res 2023;9:59. https://doi.org/ 
10.3390/C9020059.

[63] Morales Salas L, Salazar MR, Escobar B. Doped biochar from an invasive plant 
“Eichhornia crassipes” for the oxygen reduction reaction. Int J Hydrogen Energy 
2022;47:30140–6. https://doi.org/10.1016/J.IJHYDENE.2022.06.223.

[64] Yuan X, Zhu B, Feng J, Wang C, Cai X, Qin R. Biomass bone-derived, N/P-doped 
hierarchical hard carbon for high-energy potassium-ion batteries. Mater Res Bull 
2021;139:111282. https://doi.org/10.1016/J.MATERRESBULL.2021.111282.

[65] Zhao Y, Zhang Q, Gong Z, Zhang W, Ren Y, Li Q, et al. Zanthoxylum bungeanum 
waste-derived high-nitrogen self-doped porous carbons as efficient adsorbents for 
methylene blue. Molecules 2024;29. https://doi.org/10.3390/ 
MOLECULES29081809.

[66] Zhong W, Lin Z, Feng S, Wang D, Shen S, Zhang Q, et al. Improved oxygen 
evolution activity of IrO2 by in situ engineering of an ultra-small Ir sphere shell 
utilizing a pulsed laser. Nanoscale 2019;11:4407–13. https://doi.org/10.1039/ 
C8NR10163A.

[67] Fang YH, Liu ZP. Mechanism and tafel lines of electro-oxidation of water to oxygen 
on RuO2(110). J Am Chem Soc 2010;132:18214–22. https://doi.org/10.1021/ 
JA1069272/SUPPL_FILE/JA1069272_SI_001.PDF.
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