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The rapid population growth and the subsequent energy demands have led to a surge in fossil fuel usage,
resulting in unprecedented environmental challenges due to carbon emissions. Green hydrogen seems to be a
promising avenue to tackle the negative effects of fossil fuels to achieve an environment-friendly and sustainable
energy source. In this study, we present the development of iron and nickel-based electrocatalysts derived from
biochar obtained from chilli plants and their fruits for cathodic oxygen reduction reaction (ORR) and hydrogen
evolution reaction (HER). The biochar was produced by pyrolyzing the biomass at 600 °C and 800 °C, followed
by KOH activation and functionalization with iron(II) phthalocyanine for ORR and nickel nanopowder for HER.
Electrochemical tests in alkaline media (0.1 M KOH for ORR and 1 M KOH for HER) demonstrated significant
electrocatalytic activity. The Plant-Fe 800 electrocatalyst achieved an onset potential of 0.97 V (vs RHE) and a
half-wave potential of 0.87 V (vs RHE) for ORR with minimal peroxide yield. For HER, the Chilli-Ni 800 elec-
trocatalyst showed an overpotential of roughly 0.41 V (vs RHE). The high performance of these biochar-based
electrocatalysts can be attributed to their large surface area, effective Fe-Ny active site dispersion, and the
presence of nitrogen-related defects within the carbon matrix. This study highlights the potential of using sus-
tainable, biomass-derived materials to create efficient and cost-effective electrocatalysts, paving the way for
green energy.

1. Introduction

With a continuous increase in population, the energy demand is also
growing exponentially day by day. The prime reliance on non-renewable
energy sources like fossil fuels, also being on the brink of extinction, is
causing a surge in carbon emissions leading to numerous negative im-
pacts on the environment and disrupting the ecosystem [1]. Such a
scenario triggers a search for more suitable and sustainable sources of
energy to replace fossil fuels. Green hydrogen seems to offer a promising
solution for addressing the harmful impacts of fossil fuels, paving the
way toward sustainable and environmentally friendly energy alterna-
tives [2]. With at least two times higher energy density compared to
traditional fossil fuels, hydrogen could be an essential asset in helping
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the International Energy Agency (IEA) and various countries to reach
their target of zero net carbon dioxide emissions by 2050 [3]. Among
various processes of producing hydrogen, water electrolysis stands alone
being a simple and efficient method of producing pure green hydrogen
[4,5]. The economic utilization of produced green hydrogen is also
equally important to leverage its full potential. Green hydrogen is effi-
ciently produced by low-temperature water electrolysis (WE)
technologies.

In this context, low-temperature fuel cells (FCs) with unprecedented
potential to convert hydrogen into useful electrical energy without any
carbon emission appear to be a step towards sustainability. FCs provide
high energy conversion efficiency with minimal carbon emissions,
potentially bridging the gap between increasing energy needs and
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environmental sustainability [6-8]. The slow kinetics and high over-
potentials of cathode reactions in alkaline FCs and water electrolyzers
(WEs), namely, oxygen reduction reaction (ORR) and hydrogen evolu-
tion reaction (HER) are hindering the full-scale implementation of these
technologies. The scarcity and sky-rocketing prices of platinum group
metals (PGM), which are currently used as cathode materials also pose a
significant barrier to commercialization [9,10]. As a result, significant
research was dedicated to enhancing the efficiency of both cathodic
reactions by replacing the costly PGMs with cost-efficient and easy to
produce electrocatalyst materials.

Consequently, nitrogen-rich carbon derived from biomass with
atomically dispersed transition metals (TM-Ny-Cs, where TM = Fe, Ni,
Co, etc.) is gaining recognition as a promising alternative to PGM elec-
trocatalysts for ORR, attracting significant interest from the scientific
community [11-14]. Carbon stands out as an optimal support material
for various electrocatalysts due to its excellent electronic conductivity,
stability, cost-effectiveness, and versatile structure [15]. The defect-rich
nature of the carbon matrix ensures a favorable platform for electro-
catalytic performance. This carbon matrix not only supports the overall
electrochemical activity but also with its high surface area and meso-
porous environment, enhances the mass transport of gaseous reactants
to the active sites [16,17]. Among the TMs, iron-based electrocatalysts
have demonstrated high electrocatalytic efficiency for the ORR, attrib-
uted to their suitable electronic structure and effective interaction with
oxygen when coordinated with nitrogen [13,18]. Similarly, concerning
the HER, nickel, especially in the form of metallic nanoparticles and
oxides, has shown potential in improving electrocatalytic performance
for the HER, owing to its electronic structure, which is comparable to
that of Pd and Pt, known for their effectiveness in hydrogen evolution
[19-21].

The use of carbon matrix derived from sustainable sources, other
than traditional petrochemical methods, is crucial for enhancing the
cost-effectiveness of electrocatalysts. Notably, biomass-derived carbon
is gaining significant attention from researchers due to its easy synthesis
and the formation of a highly porous matrix with a large surface area
[22,23]. Advances were made in this field, where carbons with high
surface areas were successfully synthesized from various plant-based
materials such as leaves[24,25], fruits[26,27], and shells[28,29],
demonstrating their effectiveness as valuable carbon support for elec-
trocatalysts. In general, biochar exhibits excellent chemical stability,
optimal electrical conductivity, and considerable mass transport capa-
bilities. The porous structure of biochar enables the functionalization
(func.) with metal sources, creating active sites within the carbon
framework that are highly efficient for catalytic applications [30,31].
Recently, numerous studies have been reported on the synthesis of
high-performance cathodic electrocatalysts for the HER and ORR using
similar methods [32,33].

In this study, carbon-rich biochar was prepared from dried and py-
rolyzed chilli plants and fruits. These biomass-based materials are rich in
capsaicin and secondary alkaloids, making them excellent carbon
sources with abundant oxygen-containing functional groups, aromatic
rings, and amine groups [34]. Particularly, the chilli fruits and plants
used in this work were the “peperoncino piccante calabrese”, a local
Italian variety. The high nitrogen content of capsaicin makes
chilli-derived biochar particularly effective for nitrogen doping, which
enhances electrocatalytic performance, especially for the oxygen
reduction reaction (ORR), by creating nitrogen-related defects in the
carbon structure that serve as active catalytic sites [35]. Additionally, it
was reported that the amount of waste material during the harvesting of
chilli crops can be higher than 18 % (including leaves, stems, seeds and
defective fruits) and usually this waste is either landfilled or incinerated
[36-39]. The utilization of chilli biomass can alleviate the food waste
impact, which is responsible for 4.4 Gt of greenhouse gases annually
generated, i.e. ca. 21 % of the global carbon footprint and therefore
supports the circular economy by transforming agricultural waste into
valuable biochar [40,41]. The derived biochars were functionalized
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with transition metals containing precursors and employed as an elec-
trocatalyst for ORR and HER in alkaline media. The biochar was syn-
thesized via controlled pyrolysis at two distinct temperatures, 600 °C
and 800 °C. For ORR electrocatalysis, the biochar was initially activated
with KOH, followed by functionalization through pyrolysis with 10 wt%
iron(II) phthalocyanine (FePc). For HER electrocatalysis, the biochar
was directly functionalized by pyrolysis with 30 wt% nickel nano-
particles powder, without prior KOH activation. The impact of various
synthesis conditions (such as pyrolysis temperature) on the electro-
chemical performance in alkaline environments was thoroughly inves-
tigated. The outcomes of this study provide substantial contributions to
the development of efficient electrocatalysts for ORR and HER, aiming
to replace those based on precious metals.

2. Materials and methodology
2.1. Materials

Analytical grade potassium hydroxide (KOH; Merck), iron(Il)
phthalocyanine (CgaHj;eFeNg; Acros Organics), nickel nanopowder
(Sigma; 99 %), isopropanol ((CH3)2CHOH), Nafion 5 % w/w in water
and 1-propanol solution (Alfa Aesar) were used without purification.
Ultra-high purity nitrogen and oxygen gases were employed during the
experiments. The experiments utilized ultrapure deionized water, pro-
duced using a Millipore Milli-Q system. Chilli plant and ripened chilli of
the type “peperoncino piccante calabrese” were grown and collected
from local premises (Milan, Italy).

2.1.1. Biochar production

The chilli plant and ripened chillies were initially recovered and
washed with distilled water to remove soil remnants and other un-
wanted materials from the surface. The washed plant and chilli were
dried for 72 hours at 80 °C to completely remove the moisture. The plant
and chilli were crushed into powder separately and were pyrolyzed in a
tubular furnace in 600 °C and 800 °C for 1 hour in N3 atmosphere with a
gas flow of 100 cm® min~!. Both heating and cooling rates were main-
tained at 5 °C min .

2.1.2. Synthesis of Fe functionalized char

To enhance the surface area and surface-active sites, the biochar was
activated before functionalization. The char was stirred in 30 mL KOH-
ethanol solution with KOH/biochar mass ratio of 4 for about 12 hours.
Following the stirring, the solution was dried under N, atmosphere with
continuous stirring at 80 °C. The obtained mixture was pyrolyzed at 700
°C for 1 hour in Ny atmosphere with a flow rate of 100 cm® min~! and
step size of 5 °C min~'. The product was washed with 1 M HCl solution
followed by Milli-Q water until a neutral pH was achieved. The activated
biochar was dried, crushed and collected for functionalization. The
activated biochar was uniformly crushed with 10 wt.% iron(II) phtha-
locyanine (FePc) using agate mortar and pestle. The functionalization
reaction was again carried out in a tubular furnace at 600 °C for 1 hour
in Hy atmosphere. Once the furnace was cooled down, the final sample
was collected and stored for further analysis (Fig. 1).

2.1.3. Synthesis of Ni functionalized char

The synthesis of nickel-functionalized biochar electrocatalysts
involved mixing biochar, obtained from the first pyrolysis, with 30 wt%
nickel nanoparticle (NiNP) powder to achieve a homogeneous distri-
bution of Ni particles within the carbon matrix. The Ni nanoparticles
used in this study had a mean diameter of approximately 50 nm, as
specified by the supplier. The homogenization process was carried out
using a mortar and pestle to ensure uniform dispersion of the nano-
particles throughout the biochar. The mixture was then transferred to a
tubular furnace in a ceramic boat for functionalization. The mixture was
heated to 600 °C for 1 hour under flowing N, with a heating/cooling rate
of 5 °C min~!. The final, Ni functionalized samples were extracted and
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stored for further analysis. Notably, contrarily than Fe-based materials
for ORR, KOH activation step was deliberately excluded during this
synthesis of the Ni-functionalized samples. This was due to the fact that
the carbon support cannot be too porous, otherwise during HER,
hydrogen would form within the porosity avoiding water (main reagent)
to reach the catalytic site. Formation of gases within porosity is able to
strongly penalize the electrocatalytic activity and also reduce the sta-
bility of the materials. Additionally, prior studies have demonstrated
that metallic Ni achieves sufficient interaction with the biochar matrix
without requiring KOH activation, enabling the simplification of the
synthesis process while maintaining effective HER activity [42] (Fig. 1,
Table 1).

2.2. Instrumentations

The crystallographic phases were investigated with X-ray diffraction
(XRD, Rigaku Miniflex 600, Tokyo, Japan) owning a Cu source. The XRD
patterns were acquired in the range of 10-80° with a scan rate of 5°/min.
The qualitative elemental analysis was carried out with an X-rays fluo-
rescence (XRF, Artax 200, Bruker, Billerica, MA, USA) possessing a Mo
anode. Elemental analysis was performed by using Elementar Vario
Microcube Device. To study the surface morphology of the final mate-
rials, a desktop scanning electron microscopy (SEM, Thermo Fisher
Phenom G6, Eindhoven, Netherlands) equipped with a thermoionic
CeB6 source was used. The images were acquired in secondary electron
(SE) mode. Samples were characterized using a Thermo Fisher Talos™
F200X G2 TEM, with Scanning TEM (STEM) and energy-dispersive X-ray
analysis (EDX) capabilities. All the acquisitions were performed using a
beam energy of 200 keV. To prepare the samples, a few drops of sample
dispersions in isopropanol were drop-cast onto a Cu holey grid. Physical
Electronics (PHI) 5800-01 X-ray photoelectron spectrometer was used
to examine the surface characteristics of the plant and chilli-derived
electrocatalysts. The instrument is equipped with an Alka mono-
chromatic X-ray source operating at a power of 350 W.

2.3. Electrochemical measurements

2.3.1. Preparation of electrocatalyst ink

The electrocatalyst inks were prepared by dispersing 5 mg of syn-
thesized electrocatalyst sample in the mixture of 985 pL of isopropanol
and 15 pL Nafion ionomer solution through sonication to attain a ho-
mogeneous electrocatalyst ink. For the measurements, about 0.6 mg
cm 2 ink was drop-cast on the glassy carbon disk of the rotating ring disk
electrode (RRDE) or rotating disk electrode (RDE) and dried at room
temperature.

2.3.2. Oxygen reduction reaction (ORR) measurements
The electrochemical measurements were carried out in Pine Wave-
Driver 200 EIS Bipotentiostat coupled with Pine WaveVortex 10 rotating
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Table 1
Name of the electrocatalysts studied and the synthesis steps followed.

Sample Biomass 1st Pyrolysis Activation  FePc func.  NiNP
name source  _ (wt.%) func.
600 800
(wt.%)
°C °C
Plant-Fe Chilli Plant v/ v v (10)
600
Plant-Fe Chilli Plant v v v (10)
800
Chilli-Fe Chilli v v v (10)
600 Fruits
Chilli-Fe Chilli v v v (10)
800 Fruits
Plant-Ni Chilli Plant v v (30)
600
Plant-Ni Chilli Plant v v (30)
800
Chilli-Ni Chilli 4 v (30)
600 Fruits
Chilli-Ni Chilli v v (30)
800 Fruits

ring disk electrode (RRDE)/rotating disk electrode (RDE) setup. The
RRDE was composed of a concentric glassy carbon disk (0.2376 cm?
geometric area) and a Pt ring (0.2356 cm? geometric area) while the
RDE had a glassy carbon disk with an area of 0.196 cm? The ORR
analysis was carried out in a three-electrode system where, the RRDE
coated with electrocatalyst was utilized as a working electrode, while a
titanium wire and Ag/AgCl served as counter electrode and reference
electrodes, respectively. Linear sweep voltammetry (LSV) was employed
to investigate the ORR performance of the synthesized catalysts. In all
electrochemical experiments, the potentials were converted to revers-
ible hydrogen electrode (RHE) potential using the following equation,

Erue = Erer + Efi+0.059 + pH 1)

ref

Where, E..r denotes the working potential measured relative to the
reference electrode and E;; is the reference electrode’s potential
compared to the standard hydrogen electrode at 25 °C, which is 0.197 V
for Ag/AgCl electrode. The ORR analysis was conducted in O5 saturated
0.1 M KOH solution from 1 to 0 V vs RHE at a scan rate of 5 mV s .
During the ORR measurements, the ring’s potential was maintained
at 1.2 Vvs RHE and the currents produced by both the disk (Iisx) and the
ring (I;ing) were measured. These values were then utilized to calculate
the number of electrons exchanged, as described in Eq. (2), and to
determine the amount of hydrogen peroxide formed, as outlined in Eq.
(3.
n_ A aisk @

o
Laisk + 5

Activation
)| pyrolysis |) > )| Pyrolysis |) - Fe functionalized
» T2 biochar derived
\ \ A 2 2
carbon for ORR
(E_o0] = acwetes  NE__o0
@ 600°C carbon +Fe @ 600°C

Dried and
crushed plant
and chilli

()| Pyrolysis |)

N A
J&__oo)

@ 600°C

= Ni functionalized
biochar derived

carbon for HER

Fig. 1. Schematic illustration of the experimental design for the electrocatalyst synthesis.
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200
HzOzOA) = P
Laige + 5

3
Where N is the current collection efficiency (0.38).

2.3.3. Hydrogen evolution reaction (HER) measurements

The HER analysis was also carried out in a three-electrode system
where, the RDE coated with an electrocatalyst was utilized as a working
electrode, while graphite rod and Ag/AgCl as counter electrodes and
reference electrodes, respectively. The linear sweep voltammetry (LSV)
was employed to investigate the HER performance of the synthesized
electrocatalysts. In all electrochemical HER experiments, the potentials
were converted to RHE potential using Eq. (1). The HER analysis was
conducted in N, saturated 1 M KOH solution from 0 to —1 V vs RHE at a
scan rate of 5 mV/s.

3. Results and discussion

The biochar was initially produced through pyrolysis of chilli plants
and chilli fruits at two different temperatures (600 °C and 800 °C). Yield

Electrochimica Acta 517 (2025) 145763

is essential for evaluating the scalability of the synthetic process and
determining the amount of raw waste material converted into biochar.
The data in Table S1 show a decreasing yield with increasing tempera-
ture, consistent with findings from other studies,[43] though the yield
always remains above 25 %. This indicates that the process of producing
carbon materials from waste plant and fruit biomass can potentially be
scaled up efficiently. The transition metal-functionalized bio-
mass-derived electrocatalysts were synthesized via pyrolysis of biochar
mixed with the respective metal precursors. This approach was used to
achieve atomically dispersed nitrogen-coordinated iron (Fe-Ny) active
sites for ORR electrocatalysts, and nickel nanoparticles for HER elec-
trocatalysts. The morphological characteristics of the electrocatalysts
were carefully examined using SEM images (Figure S1). The samples
consist of individual or clustered particles with irregular shapes. These
particles exhibit a high surface roughness and are marked by sharp,
jagged edges. For the qualitative analysis of synthesized electrocatalysts,
X-ray fluorescence (XRF) was carried out and the spectra were collected
as displayed in Figs. 2a and 2b. All electrocatalyst samples exhibited
distinct peaks corresponding to the targeted metals, specifically Fe or Ni,
demonstrating the successful synthesis process. However, trace amounts
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Fig. 2. XRF spectra of (a) iron functionalized biomass-derived carbon electrocatalysts and (b) nickel functionalized biomass-derived carbon electrocatalysts. XRD
spectra of iron functionalized biomass derived from (c) plant and (d) chilli. XRD spectra of nickel functionalized biomass derived from (e) plant and (f) chilli.
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of K, Ca, and Cl were detected in metal-functionalized biochar which are
the essential micronutrients present in plants and fruits [44]. Notably, a
distinct potassium peak is observed in the chilli-derived samples
compared to the plant-derived samples. This can be attributed to the
higher inherent potassium content in chilli fruits compared to the plant
biomass [45] or an incomplete acid washing during activation for
Fe-functionalized samples.

Furthermore, to investigate the phase and crystal structure of elec-
trocatalysts, XRD analysis was executed and the diffraction patterns are
depicted in Fig. 2¢ - 2g. Two broad diffraction peaks were observed for
iron functionalized samples centered at 24° and 43° corresponding to
(200) and (101) graphitic planes (JCPDS: 41-1487), respectively
(Fig. 2c and 2d). Despite the iron functionalization, both Plant-Fe sam-
ples demonstrated diffraction peaks only corresponding to carbon with
no distinct iron-related peaks. This absence could be attributed to the
homogeneous distribution of iron within the biochar matrix, leading to a
lack of separate crystalline iron phases that would produce distinct
peaks or the iron-related peaks are masked by amorphous carbon peaks.
Whereas Chilli-Fe samples consist of diffraction peaks related to iron
oxide at around 25.4°, 29.8°, 35.3°, 43°, 52.3°, 56.8°, 62.4° and 68.1°
which is consistent with magnetite (JCPDS:19-0629). The presence of
iron oxide peaks in both samples indicates that iron not only integrates
into the carbon matrix but also forms identifiable crystalline iron oxide
phases. Notably, the formation of the magnetite phase after pyrolysis
can be attributed to several factors inherent to the experimental setup
and chemical environment. Although carbon exhibits reductive prop-
erties, the conditions of pyrolysis, particularly the presence of oxygen-
containing functional groups within the activated biochar matrix and
the controlled inert atmosphere play a crucial role in determining the
final phase of composition [31,46]. Studies have demonstrated that
during the pyrolysis of iron-functionalized biochar, interactions be-
tween iron precursors and oxygen species within the carbon matrix often
result in the formation of iron oxides, including magnetite (Fe3O4) [47].
Along with this, the KOH activation process, while enhancing surface
area and introducing structural defects, may also leave behind residual
oxygen functionalities, further promoting the stabilization of iron in its
oxidized form. Similar observations have been reported in studies of
biochar functionalized with transition metals [48]. This coexistence of
amorphous carbon and crystalline iron oxide phases could alter the
material’s catalytic properties by providing active sites for reactions
while maintaining a conductive carbon network. However, nickel
functionalized samples displayed sharp peaks at 44.5°, 51.8° and 76.3°
corresponding to the characteristic diffraction lines of metallic Ni
(JCPDS: 03-1051), signifying the presence of crystalline nickel phases in
the biochar matrix (Fig. 2e and 2f). The absence of a carbon peak in the
XRD patterns is due to the amorphous nature of the carbon matrix,
which lacks a well-ordered graphitic structure and produces broad,
low-intensity diffraction signals. Additionally, the presence of crystal-
line nickel phases dominates the XRD patterns, masking any weak sig-
nals from the amorphous carbon. The patterns also reveal peaks
attributed to potassium (96-901-1977), which likely originates from the
biomass itself and is carried forward through the pyrolysis and func-
tionalization processes which is consistent with XRF results.

Raman spectroscopy was conducted to obtain detailed insights into
the carbonaceous structure of the electrocatalysts, with the resulting
spectra presented in Figure S2. All samples display two characteristic
bands near 1341 cm™! and 1577 Cm’l, referred to as the D and G bands,
respectively. The G band is linked to the Ep4 vibrational mode, repre-
senting the movement of sp? carbon atoms within the basal plane of an
ideal graphitic lattice. Similarly, the D band arises from in-plane carbon
vibrations near defects, associated with Ajg symmetry, indicating im-
perfections in the graphitic structure. The ratio of Ip/Ig, which reflects
the level of defects in the carbon structure, was determined by dividing
the intensity of the D band by that of the G band. An Ip/Ig value
approaching one signifies a high degree of structural defects in the
carbon. Notably, a linear relationship was observed between the Ip/Ig
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ratio and the temperature used during the initial pyrolysis. This finding
suggests that higher pyrolysis temperatures may lead to an increase in
structural defectivity [43,45]. The electron beam characterization of
plant and chilli samples functionalized with iron was conducted at two
pyrolysis temperatures (600 °C and 800 °C). STEM-EDX analysis
revealed the presence of nanoparticles in all the samples (Fig. 3 and
Fig. 4). Despite the broad range of particle sizes observed across the
samples, nanoparticles in the plant samples were generally smaller than
those in the chilli samples. The particle sizes ranged from 5 to 40 nm in
the plant samples, while the chilli samples exhibited a larger size range
of 5-120 nm. Pyrolysis temperature appeared to influence nanoparticle
distribution, with the 600 °C samples containing a higher proportion of
smaller particles and the 800 °C samples showing a shift toward larger
particles. Among C, O and Fe, other elements such as Ca, K, Mg, S and Cl
are visible (View Figure S3 and Figure S4), and seem to be present in the
form of particles, where Mg and K maps superimpose mainly with Cl, Ca
with O and S with Fe. N is still present in a very small amount. HR-TEM
further supported the XRD results, confirming the absence of isolated
iron in the samples. Fast Fourier Transform (FFT) analysis of the images
showed diffraction patterns corresponding exclusively to the magnetite
phase (Fig. 5). The electron beam characterization of Chilli-Ni 800
sample was conducted to extract significant insights into the
morphology and elemental distribution of the nickel-functionalized
biomass-derived electrocatalyst. The HAADF-STEM images (view
Figure S5) reveal that nickel predominantly forms large aggregates, as
evident from the bright, dense regions in the images. These particles are
coupled with oxygen, as confirmed by the corresponding EDX elemental
maps of C, O and Ni. Despite extensive imaging, no discernible lattice
fringes were observed in the HR-TEM analysis. This absence can be
attributed to the extreme thickness of the nickel aggregates, which
hinders the resolution of internal crystallographic features. Addition-
ally, the oxygen content around these aggregates is indicative of the high
surface oxidation state, which is consistent with observations from XPS
analysis.

Fig. 6 displays the XPS survey spectra of the plant and chilli-derived
electrocatalysts treated at different temperatures (600 °C and 800 °C).
The shake-up lines of C1s and O KLL signals are associated with peaks at
around 320 eV and 980 eV, respectively, that are not highlighted in the
figure. The calculated carbon (C1s) atomic percentages swing between
91.7 % for chilli-Fe 800 to 93.6 % for chilli-Fe 600 and from 92.0 % to
92.6 % for plant-Fe 800 and plant Fe-600, respectively. The nitrogen
content is maximum for chilli-Fe 800 (3 %) and minimum for plant-Fe
600 (1.5 %). All the electrocatalysts have extremely low metal atomic
percentages, with the largest total iron content of 0.4 % for chilli-Fe 600
and plant-Fe 800. Surprisingly, no other element has been encountered
on the surface of the biomass-derived samples.

Fig. 7a-7d shows XPS spectra corresponding to N1s deconvolution
peaks fitting the signals of imine (397.6 eV), pyridinic-N (398.3 eV), Ny-
Fe (399.1 eV), pyrrolic-N (400.9 eV), and graphitic-N (402.2 eV) species,
as reported in the literature for Fe-N-C compounds [11,43,45,49-51].
The relative percentage of N-Fe interactions was revealed to be: Plant-Fe
600 (51.13 %) > Plant-Fe 800 (47.80 %) > Chilli-Fe 600 (33.92 %) >
Chilli-Fe 800 (26.5 %), whereas the trend for pyridinic/pyrrolic ratio
was the opposite. Furthermore, imine peaks were not detected for all the
electrocatalysts while graphitic nitrogen was found only for Plant
Fe-800. However, the low overall N1s atomic percentage (see Fig. 6) is
the cause of many spikes for the experimental curves associated with a
notable inaccuracy of the fitting peaks.

Unquestionably, XPS on carbon (Cls) speciation is a more pertinent
study that may be used to match the various species to ORR activity in
alkaline conditions. In Fig. 8, the graphitic carbon is represented by the
deconvoluted peak at 284.5 eV, the secondary carbons (C—N or C—O) at
285.0 eV, the CNy defects at 286.2 eV, the C—OH/C—OC at 287.1 eV,
the C = O at 288 eV, and the COOH at 289.4 eV. The highest relative
percentage of graphitic carbon, in general, associated with low ORR
activity, was achieved by the integration of the peak for Chilli-Fe 800
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Fig. 3. STEM-EDX of the a) Plant-Fe 600 sample and b) Plant-Fe 800 sample. Columns, from left to right, report: Bright Field Image, C map, O map, Fe map.

catalyst (54.3 %), followed by Chilli-Fe 600 (48.5 %), Plant-Fe 800 (46.5
%), and Plant-Fe 600 (46.0 %). On the other hand, the largest relative
percentage of C—N defects, normally correlated with high ORR activity,
was reached by Plant-Fe 800 (13.6 %), followed by Plant-Fe 600 (10.3
%), Chilli-Fe 600 (9.9 %) and Chilli-Fe 800 (8.7 %).

For Chilli-Ni 800, high-resolution spectra for N1s and C1s are shown
in Figure S6. The overall atomic percentage of nitrogen species in this
sample was below 1 %, which is why the spectra appear scattered in
Figure S6a. However, the pyrrolic-N signal dominates in the deconvo-
luted spectra, followed by the N—Ni interaction, graphitic-N, and
pyridinic-N, respectively. In the Cls spectra, a significant contribution
comes from oxidized compounds, particularly carboxylic groups
(-COOH), due to the high atomic percentage of oxygen species on the
surface. The high levels of oxidized compounds could be derived from
the natural makeup of chilli biomass, which is rich in oxygen-containing
functional groups. These groups might partially remain or re-form
during the pyrolysis and functionalization processes [52,53]. Addition-
ally, the pyrolysis temperature of 800 °C, while sufficient to remove
many volatile compounds, may not entirely eliminate thermally stable
oxygen functionalities, leaving a significant fraction of oxidized species
intact on the biochar surface. From the integration of the deconvoluted
peak areas, the relative percentage of graphitic or secondary carbons is
approximately 16 %, with 9 % attributed to C—N defects.

In order to comprehend the responsiveness of biomass-derived
electrocatalysts for ORR, electrochemical tests were carried out using
RRDE, which gives information about the activity and selectivity of the
electrocatalytic process through the reduction of hydrogen peroxide
occurring on ringside. To simulate the employment of the developed
electrocatalyst for anion exchange membrane fuel cells (AEMFCs), the
tests were carried out in 0.1 M KOH alkaline electrolyte solution, cor-
responding to pH 13. LSV curves were recorded for both disk and ring
electrodes at a rotation speed of 1600 rpm and a scan rate of 5 mV s .
The onset potential (Eoy) and half-wave potential (E;/2) were deter-
mined from the LSV of the disk current (Jgisx) and are used as key per-
formance indicators for the electrocatalytic activity. E,, is defined as the
potential required to initiate the ORR, which was measured at —0.1 mA
cm 2 according to current conventions in electrocatalysis [54]. Ej /3,
which is located in the kinetic-mass transfer mixed regime, was deter-
mined by locating the maximum of the first derivative of the Jgjsx curve
[55]. Additionally, the electrocatalyst can reach a current plateau
known as the limiting current (Jjim).

Fig. 9 shows the ORR performance of iron-functionalized biomass-
derived (final) carbon samples. The graphs illustrating the Jqjsk and Lying
curves are shown in Figs. 9a and 9b, respectively, while the peroxide
percentage and the number of transferred electrons (n) are presented in
Figs. 9c and 9d, respectively. Fig. 9a shows that the Plant-Fe samples
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Fig. 4. STEM-EDX of the a) Chilli-Fe 600 sample and b) Chilli-Fe 800 sample. Columns, from left to right, report: Bright Field Image, C map, O map, Fe map.

exhibit higher currents in the diffusion-limited regime compared to the
Chilli-Fe samples. This superior performance can be attributed to a
higher density of Fe-Ny active sites, as indicated by XPS analysis, and a
better dispersion of iron within the carbon matrix. In particular, Plant-Fe
800 reaches the highest Jjip, of 6.2, which corresponds to the (maximum)
theoretical current value achievable by “perfect/ideal” ORR electro-
catalyst [56]. Plant-Fe 600 exhibits a slightly lower limiting current. On
the other hand, Chilli-Fe attains Jjj, lower than 4.5 mA em~? and
Chilli-Fe 600 exhibits the worst performance in Jjip, (2.2 mA cm™2), thus
evidencing a strong (pyrolysis) temperature effect in Chilli-Fe samples.
This outcome is much less prominent in Plant-derived carbons. Simi-
larly, to Jjim, Eon declined according to the same trend, i.e., Plant-Fe 800
> Plant-Fe 600 > Chilli-Fe 600 > Chilli-Fe 800. E; » follows instead a
different trend, i.e., Plant-Fe 800 > Chilli-Fe 800 > Plant-Fe 600 and
Chilli-Fe 600. The E,/; difference between the highest and the lowest
value is 13 mV. With a remarkable onset potential of 0.97 V (vs RHE)
and an outstanding half-wave potential of 0.87 V (vs RHE), Plant-Fe 800
proves to be the most active electrocatalyst which is comparable to those
of commercial Pt/C catalysts under similar alkaline conditions, typically
reported around 0.98-0.99 V (E,,) and 0.85-0.90 V (E;,2) (Table 2)
[57]. The peroxide % and n were calculated using Jgisk and Jying.
Peroxide yield does not exceed 20 % and does not go below 3.6,
respectively for all the electrocatalyst samples. This implies that all the
electrocatalysts mostly undergo a direct 4-electron transfer bypassing

the formation of HO; intermediate. The significantly low peroxide
production (below 10 %) and high number of electrons transferred (n >
3.8) along with the highest E,, and E; ,» make Plant-Fe 800 a remarkable
electrocatalyst for ORR and a promising candidate for the cathode ma-
terial in AEMFCs. The performance differences among the synthesized
electrocatalysts can be attributed to variations in Fe-Ny content, pyrol-
ysis temperature, and morphology. Samples processed at higher pyrol-
ysis temperatures (800 °C) exhibited better electrocatalytic
performance, as seen in Plant-Fe 800. This enhanced performance cor-
relates with a higher surface area, as confirmed by SEM (Figure S1) and
XPS analysis, which reveals an increase in graphitic carbon and nitrogen
defect sites at elevated temperatures. STEM-EDX mapping (Fig. 3 and
Fig. 4) further supports that Plant-derived biochar has a finer particle
distribution, contributing to better mass transport and higher catalytic
activity. The incorporation of Fe-Ny active sites through functionaliza-
tion with iron(II) phthalocyanine is pivotal, as these sites mimic the
catalytic behavior of platinum group metals, facilitating efficient elec-
tron transfer during the ORR [13]. The nitrogen doping from the
chilli-derived biochar further contributes by promoting electronic in-
teractions that stabilize reaction intermediates, a feature supported by
studies on similar nitrogen-doped biochar [35]. The Plant-Fe 800 cata-
lyst stands out which could be due to its optimal balance between defect
sites, Fe-Ny coordination, and morphology, enabling superior electro-
chemical performance compared to other samples. To analyze the
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Fig. 5. HR-TEM images showing nanoparticles fine structure of a) Plant-Fe 600, b) Plant-Fe 800, c) Chilli-Fe 600 and d) Chilli-Fe 800.
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Fig. 6. XPS survey spectra of plant and chilli-based electrocatalysts.

durability of the electrocatalyst for ORR, an RRDE stability test of 2000
cycles was performed for the best-performing material Plant-Fe 800 and
the results are displayed in Figure S7. The values of E,, and Ep,»
remained relatively stable during continuous potential cycling, howev-
er, an increase in the number of cycles led to a noticeable reduction in

the limiting current density. As the cycling progressed, the ring current
density exhibited a significant rise. Furthermore, the yield of peroxide
anions, which is linked to both the disk and ring current measurements,
showed a marked increase. Comparing the 2000 cycle to the 1% cycle
revealed that the peroxide yield had almost doubled. Conversely, when
examining the number of electrons transferred over the same cycles, a
decrease was observed, dropping from 3.85 to 3.7. This observation
highlights the electrocatalyst’s kinetic durability under prolonged
cycling conditions, despite the need for improvements in maintaining
stable electron transfer efficiency and limiting current density over
extended use. Table S2 presents a comparison of the ORR activity of
Plant-Fe 800 with the recently reported biomass-derived
electrocatalysts.

The nickel-functionalized biomass-derived carbon electrocatalysts
were analyzed for HER using a RDE in 1 M KOH, where the electrode
rotation was used to remove gas bubbles created during hydrogen pro-
duction. The LSV was carried out from 0 to —1 V (vs RHE) at a scan rate
of 5 mV/s and 1600 rpm of rotating disk speed to assess the HER activity
of the electrocatalysts. The overpotential values were calculated at —10
mA cm ™2 current density, according to the current literature protocol for
HER electrocatalytic comparison [58,59]. Fig. 10 shows the HER po-
larization curves of all the electrocatalysts. The char derived from chilli
plant and fruit biomass shows the lowest HER activity with
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Fig. 8. Comparison of XPS Cls signal for a) Chilli-Fe 600, b) Plant-Fe 600 c) Chilli-Fe 800, and d) Plant-Fe 800.

overpotentials of more negative value than —0.7 V (vs RHE). However,
the overpotentials were further reduced, and the HER activity increased
after functionalizing the electrocatalysts with nickel. The overpotential
values of nickel-functionalized electrocatalysts follow this trend:
Chilli-Ni 800 > Chilli-Ni 600 > Plant-Ni 600 > Plant-Ni 800. Among
these, Chilli-Ni 800 shows the highest activity with the lowest

overpotential value of —0.41 V (vs RHE) (Table 3). Table S3 compares
the HER activity of Chilli-Ni 800 with other recently reported electro-
catalysts having biomass origin. Although the HER performance
improved after Ni functionalization, it is still not comparable to
commercially used platinum, having <100 mV of overpotential at —10
mA cm 2 [59]. However, while the current methodology of direct
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Fig. 9. RRDE measurements of synthesized electrocatalysts. (a) Disk current densities, (b) ring current densities, (c) peroxide yield and (d) number of electrons

transferred during ORR.

Table 2
ORR electrochemical data of iron functionalized electrocatalysts listing Eo, and
E1 /2.

Electrocatalyst Eon (V vs RHE) E1,2 (V vs RHE)
Plant-Fe 600 0.957 0.876
Plant-Fe 800 0.969 0.868
Chilli-Fe 600 0.928 0.873
Chilli-Fe 800 0.915 0.863

mixing of nickel nanopowder with biochar has demonstrated significant
enhancement in HER activity, an alternative approach involving the
pyrolysis of thermally degradable nickel salts in a reducing atmosphere
could be explored in future studies to further enhance the HER perfor-
mance. To test the durability of HER electrocatalyst, an RDE stability
analysis of 2000 cycles with the scan rate of 50 mV s~! was performed
for the best-performing material Chilli-Ni 800 and the results are dis-
played in Figure S8. The polarization curve displayed a slight increase in
the overpotential value from 410 mV to 470 mV after 2000 cycles. This
study showcases the robustness of the nickel-functionalized bio-
mass-derived carbon electrocatalyst in maintaining performance over
extended cycling, highlighting the significance of biomass-derived
electrocatalysts for long-term hydrogen evolution reactions in indus-
trial applications.

4. Conclusion

Four electrocatalysts were synthesized from biochar derived from
chilli plants and fruits, and pyrolyzed at 600 °C and 800 °C. The acti-
vation with KOH and subsequent functionalization with iron(II) phtha-
locyanine and nickel nanopowder produced highly porous, defect-rich

10

carbon structures for ORR and HER, respectively. Notably, the Plant-Fe
800 catalyst exhibited exceptional ORR performance, with an E;/, of
0.87 V vs RHE and E,, of 0.97 V vs RHE. The catalyst demonstrated
superior selectivity with peroxide production below 10 % and a high
electron transfer number (n > 3.8), making it a more efficient and se-
lective alternative to Pt-based catalysts. Similarly, the Chilli-Ni 800
electrocatalyst showed significant HER activity with a low overpotential
of —0.4 V vs RHE, although further optimization is needed to match the
performance of state-of-the-art platinum-based catalysts. Nevertheless,
this study marks a pioneering effort in utilizing chilli-derived biochar for
electrocatalyst development which has the potential for large-scale
application in the future.
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