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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Fe–N4 site stabilization gives 17 % 
higher stability than Pt/C in acidic 
media.

• Catalyst synthesized from rice husks and 
mining waste for ORR applications.

• Unique fifth coordination forms be
tween Fe–N4 and amorphous SiO2 from 
rice husks.

• Delivers 160 mW cm− 2 in Zn–air batte
ries, outperforming Pt/C at 120 mW 
cm− 2.
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A B S T R A C T

Iron–nitrogen–carbon (Fe–N–C) catalysts with Fe–N4 coordination are promising alternatives to platinum-based 
materials for the oxygen reduction reaction (ORR), yet their instability in acidic media limits practical appli
cations. Herein, we report a sustainable Fe–N–C catalyst (RH-Fe-N) synthesized from rice husks and pyrite, 
serving as carbon and iron sources, respectively. This approach eliminates the need for complex precursors such 
as metal–organic frameworks, using a simple three-step carbonization method including hydrothermal carbon
ization. The resulting catalyst incorporates Fe atoms into a carbon matrix with self-doped amorphous SiO2 from 
rice husks. Spectroscopic and theoretical analysis reveals a unique fifth Fe–O coordination within the SiO2 
matrix, enhancing site stability and ORR activity. In Zn–air battery applications, RH-Fe-N achieves a peak power 
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density of 160 mW cm− 2, outperforming commercial Pt/C (40 wt%) at 120 mW cm− 2, with a higher open-circuit 
voltage (1.50 V vs. 1.40 V for Pt/C). The catalyst also demonstrates superior durability, with 17 % and 16 % 
higher stability than Pt/C in acidic and neutral conditions, respectively. This work provides a low-cost, scalable, 
and eco-friendly strategy for developing high-performance ORR catalysts across all pH ranges, contributing to 
sustainable energy generation and circular economy goals.

1. Introduction

The interplay of agricultural practices, renewable energy technolo
gies and waste management reveals key areas where innovative solu
tions can mitigate environmental impacts. On the agricultural aspects, 
the production of staple foods like rice, consumed by over half the global 
population, generates approximately 150 million tons of rice husks (RH) 
annually [1]. Due to their high silica content and low nitrogen levels, RH 
resists decomposition, limiting its use as a composite fertilizer [2]. To 
manage these wastes quickly, farmers often burn RH in kilns, but this 
action has been found to be associated with releasing harmful fine 
particle pollutants which contribute to greenhouse gas emissions [3]. 
These challenges highlight the urgent need for sustainable RH recycling 
solutions to mitigate environmental impacts [4].

The rising demand for copper, driven by the proliferation of electric 
vehicles (EVs), has led to increased extraction of its primary source, 
chalcopyrite. This process generates significant amounts of pyrite (FeS2) 
as waste [5]. However, pyrite is often discarded in landfills during 
mining operations, and its effective utilization from industrial sources 
remains underdeveloped. Pyrite, composed of 53.5 % sulfur and 44.9 % 
iron, contributes to substantial mining waste [6]. When exposed to 
groundwater, it can undergo chemical reactions that result in highly 
acidic soils and water systems, causing severe harm to ecosystems [7–9]. 
These environmental issues highlight the urgent need for improved 
waste management practices and the development of value-added pro
cesses to mitigate the ecological impact of mining operations.

In the past many researchers have reported numerous works focused 
on enhancing biomass wastes by developing raw materials for batteries, 
capacitors, or supercapacitors entirely or partially derived from biomass 
wastes [10–15].The outstanding feature of most of these works has been 
the significance of heteroatom doping onto the biomass-derived carbon. 
Nitrogen functionalities and iron have been particularly successful in 
this regard. Specifically, doping biomass-derived carbon with pyridinic 
N and graphitic N has been shown to improve oxygen (O2) adsorption on 
neighboring carbon atoms [16–18]. In addition, the metal heteroatoms 
of metal-nitrogen macrocyclic compounds (M − N4) act as efficient and 
robust oxygen reduction reaction (ORR) active sites [19–22]. This 
enhancement facilitated the desired 4e− transfer pathway during the 
ORR [23–26].

Over the past decade, researchers have highlighted that while Fe-N-C 
catalysts exhibit high ORR activity as an alternative to platinum in 
proton exchange membrane fuel cells (PEMFC), their limited stability 
remains a barrier to commercialization [27]. To enhance stability, ef
forts have focused on modifying catalyst structure, morphology, and 
chemistry by optimizing synthesis parameters such as heat treatment, 
atmospheric conditions, and precursor compositions [28–32]. One 
widely reported approach to address the low stability in Fe-N-C has been 
through multiple heteroatom doping, particularly with metallic ele
ments like titanium (Ti). Titanium has been reported to improve Fe-N-C 
stability by strengthening the bond between Fe and nitrogen thus pre
venting the leaching of the Fe active sites [33]. Similarly, the selectivity 
of the type of nitrogen dopant has weighed in on the catalyst perfor
mance and stability. For instance, graphitic and pyridinic N are associ
ated with higher ORR activity and stability due to lower overpotentials 
and increased charge density at the active sites [25,34–37].

Despite the above-mentioned modification of the Fe-N-C catalyst 
showing better stability and high ORR activities, their application has 
only been limited to alkaline medium applications pausing a challenge 

in universal pH medium applications. This has been attributed to the fact 
that these catalysts are more stable and durable in alkaline conditions 
compared to other media such as a neutral or acidic medium [38–42]. 
Low stability in an acidic medium for instance has been linked to the 
excessive demetallation of the Fe species and carbon corrosion at high 
potentials hence reducing the active site density and resulting in low 
catalyst stability [30–43].

One promising approach to improving stability across all pH ranges 
is through the optimization of the catalyst’s coordination environment. 
Studies have shown that FeN4 sites with pyrrolic nitrogen are more 
prone to Fe leaching than those with pyridinic nitrogen, suggesting that 
the local electronic environment around Fe plays a critical role in 
minimizing leaching and improving stability [44]. By fine-tuning the 
coordination of nitrogen dopants around the central Fe atom, particu
larly through heteroatom doping, it is possible to improve the catalyst’s 
durability and performance in both acidic and alkaline media. Such 
modifications may also enhance protonation states, further stabilizing 
the Fe-N-C active sites during electrochemical reactions.

In this study, we present a novel tri-doped, biomass-derived elec
trocatalyst tailored for advanced electrochemical energy storage sys
tems, particularly in diverse battery environments. Derived from 
agricultural waste (rice husks) rich in silica and mining by-products 
(pyrite) containing iron, these abundant and typically polluting mate
rials are transformed through a sustainable, multi-step synthesis 
involving low-temperature hydrothermal carbonization and template- 
assisted pyrolysis. This process yields a highly porous carbon matrix 
enhanced by nanoreactor formation and pyrolysis gases during template 
carbonization, optimizing the catalyst’s structure and surface chemistry.

The resulting Si/Fe/N tri-doped carbon electrocatalyst demonstrates 
exceptional ORR activity and durability across a universal pH range; 
alkaline, neutral, and acidic surpassing conventional biomass-derived 
and Fe–N–C catalysts. The synergistic interaction between Fe–N4 
active sites and amorphous SiO2 contributed to enhanced active site 
stability and prolonged catalytic performance. Unlike conventional 
Fe–N–C catalysts that rely solely on nitrogen coordination, this tri-doped 
system leverages the synergistic effects of SiO2 and Fe-N4 to provide a 
more stable and efficient catalyst.

Due to its high performance, environmental sustainability, and cost- 
effectiveness, this catalyst is well-suited for a wide range of battery 
technologies, including metal air battery in alkaline environment, mi
crobial fuel cells in neutral medium and proton-exchange membrane 
fuel cells in acidic environment, offering a promising pathway toward 
durable, green energy storage solutions operable in diverse electrolyte 
environments.

2. Experimental section

2.1. Catalyst synthesis

Locally sourced pyrite was first crushed using a jaw crusher (P-1, 
Fritsch Japan Co, Ltd) and a disc mill (P-13, Fritsch Co, Ltd). The ob
tained ore was classified as − 75 μm as the experiment feed using a 
vibratory sieve shaker (A-3, Fritsch Co, Ltd). Coarse particles remaining 
on the sieve were pulverized again using a vibrating cup mill (P-9, 
Fritsch Japan Co, Ltd). 20 g of the finely ground pyrite powder was then 
mixed with 200 ml of distilled water and introduced into a 500 ml 
stainless steel autoclave (Toyo Kouatsu). 1 MPa of pure oxygen was then 
purged severally into the autoclave before subjecting the autoclave to 
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170 ◦C for 1 h. After allowing the reactor to cool down to room tem
perature, the mixture slurry was filtered through filter paper (Advantech 
Toyo, Japan). The collected solution was then analyzed using an 
inductively coupled plasma mass spectroscopy (ICP-MS) to quantify the 
concentration of the elements in the filtrate solution.

100 ml of the obtained pyrite solution was then mixed with 5 g of 
evenly crushed RH (Ogata, Akita-Japan) of an average diameter of 150 
μm–250 μm in a 500 ml batch-type autoclave reactor (Taiatsu, Japan). 
200 ml of distilled water was then added and the reactor was purged 
with Nitrogen gas severally to create an inert atmosphere in the reactor. 
After this, the pressure inside was adjusted by injecting nitrogen gas 
until 2 MPa was achieved. The reactor was then subjected to 250 ◦C for 
6 h. The self-generated pressure inside the reactor rose to a constant 5 
MPa for the entire duration of 6 h as continuous stirring at 300 rpm was 
maintained. After the set time lapsed the reactor was cooled down to 
room temperature and the pre-carbonized RH slurry was then vacuum 
filtered through a 5.0 μm type 2 filter paper (Advantech Toyo, Japan), 
and the residue solids were collected and dried at 105 ◦C overnight.

The dried hydrochar was then mixed with NaCl and Urea in a 1:3:8 
mass ratio. The mixture was then ground manually into a homogenous 
mixture using a ceramic mortar and pestle. The mixture was then loaded 
onto an alumina crucible and subjected to template carbonization using 
NaCl as a precursor. The mixture was heated in a tubular furnace at 
750 ◦C at a ramp rate of 5 ◦C/min. The heating was then kept constant 
for 2 h and the temperature was allowed to cool to room temperature. 
The carbonized char was then collected and refluxed using 3M HCl 
overnight to remove any unreacted NaCl. After filtration, the solids were 
washed severally using distilled water until a pH of 7 was obtained and 
the collected char was dried again at 105 ◦C.

The dried char was then finally carbonized at 850 ◦C for 1 h and the 
final RH-derived catalyst doped with Fe and N was collected and labeled 
as RH-Fe-N. As a control to this catalyst, pristine rice husk with neither 
pyrite nor urea was synthesized in the same conditions and labeled as 
Pristine RH in this work. To systematically investigate the influence of 
structural and compositional parameters on catalytic performance, a 
series of control samples were synthesized. Catalysts subjected to 
different pyrolysis temperatures were labeled RHN@750 ◦C and 
RHN@950 ◦C, enabling assessment of how thermal treatment affects the 
development of active sites and overall electrocatalytic activity. In 
addition, to evaluate the specific role of amorphous SiO2, another con
trol was prepared by selectively etching silica from the rice husk pre
cursor using KOH, as described in the Supplementary Information. This 
approach facilitated the isolation of the SiO2 contribution to the stabi
lization of Fe–N4 active sites and the resulting catalytic effects. The 
collected catalysts were then characterized as detailed below.

2.2. Physiochemical characterization

Ultra-high resolution imaging field emission scanning electron mi
croscope (FE-SEM S-4800, Hitachi, Japan) coupled with the element 
energy-dispersive X-ray spectrometer (EMAX-EDS) were used to char
acterize the synthesized catalysts apparent morphology and the surface 
element distribution with an operation voltage of 5–15 kV. The 
magnification varied between 1K and 200K. The corresponding TEM 
characterization was achieved by using a transmission electron micro
scope (TEM, HT-7500, Hitachi Ltd) with an operation voltage of 
100–200 kV, and composition was analyzed using (TEM-EDS, JEM- 
2100F, JEOL). The catalyst solution was introduced dropwise onto 
TEM grids with carbon support (JEOL, Japan) and allowed to dry at 
room temperature before analysis.

The crystal structure of the synthesized electrocatalysts was analyzed 
by θ− 2θ horizontal multi-purpose X-ray diffraction (XRD; Ultiman IV 
RIGAKU, Japan) with Cu-Kα radiation (λ = 1.5406 Å), a tube voltage of 
40 kV and tube current 40 mA at a step size of 0.05◦ and a scan rate of 2 
min− 1. A measurement range of between 10◦− 80◦ was analyzed. An 
integrated PDXL software (RIGAKU) was then used for qualitative 

analysis of the peaks. A laser Raman microscope (Raman Force, Japan) 
with 532 nm excitation wavelength, 2000 cm− 1 central wavenumber, ×
20 objective and a 30-s exposure time was used for spectra acquisition. 
The obtained spectra were analyzed using Raman imager 2. The chem
ical states of the electrocatalysts were analyzed by X-ray photoelectron 
spectroscopy (XPS; PHI 5000 Versa Probe I) using an A1 Kα source to 
characterize the elemental and bonding states. For qualitative analysis 
of the individual N 1s and Fe 2p contents, a MULTIPAK spectrum soft
ware was used (ULVAC-PHI).

Atomic analyses on the coordination environment of the synthesized 
electrocatalyst were achieved using the Fe K-edge and Si-K-edge X-ray 
absorption near edge structure (XANES) and extended X-ray absorption 
fine structure (EXAFS). This was achieved using an XAFS (Hard X-ray) I 
BLS51 beamline with an energy range of 5–22 kV (Aichi SR, Japan) for 
the Fe K-edge. The Si-K-edge was achieved using XAFS (Soft X-ray) 
BL6N1 beamline with a DSP ROI of 1605–1875 eV (Aichi SR, Japan) The 
synthesized catalyst was measured and mixed with boron nitrate and the 
mixture used to make tablets as per the XAFS sample preparation guide 
(SPring-8 BL14B2 public). The acquired EXAFS data was processed ac
cording to standard procedures using the ATHENA module implemented 
in the IFEFFIT software package. The EXAFS spectra were obtained by 
subtracting the post-edge background from the overall absorption and 
normalizing with respect to the edge-jump step. Subsequently, the χ(k) 
data were Fourier transformed into real (R) space using a Hanning 
window (dk = 1.0 Å− 1) to isolate EXAFS contributions from different 
coordination shells.

To extract quantitative structural parameters around the central Fe 
atom, the least-squares curve-fitting was performed using the ARTEMIS 
module of the IFEFFIT software suite, based on the following EXAFS 
equation: 

χ(k)= S0
2
∑

j

Nj Fj (k)exp
(
− 2k2σj

2
)

kRj
2 sin

(
2kRj +∅j(k)

)

Where S0
2 is the amplitude reduction factor, Fj (k) is the effective 

curved-wave backscattering amplitude, Nj is the coordination number 
in the j-th shell,rj is the absorber backscattered distance, ∅j is the total 
phase shift, and σj

2 is the Debye-Waller factor representing disorder. 
The fitting model for Fe K-edge was constructed using a monoclinic 
Fe2NO8 crystal structure from a CIF file as a theoretical reference. This 
structure included a known local coordination geometry where the Fe 
atom is bonded to four nitrogen atoms (degeneracy = 4) and a single 
axial oxygen atom (degeneracy = 1). Initially, the coordination numbers 
were fixed according to this known degeneracy. The amplitude reduc
tion factor S0

2 was refined to 0.941 ± 0.076 and then fixed in subse
quent fits. The structural parameters bond distances Rj, Debye-Waller 
factors σj

2 and edge-energy shift ΔE0 were allowed to float. Similarly, Si 
K-edge EXAFS fitting was achieved by incorporating scattering paths 
derived from the FeSiO3 crystal structure as a theoretical reference with 
S0

2 refined at 0.787 then fixed subsequently.

2.3. Electrochemical measurements and battery evaluation

The synthesized catalyst materials were characterized using a 
rotating ring disk electrode (RRDE-3A, BAS, Japan) equipped with a bi- 
potentiostat (ALS/DY 2325, BAS, Japan). Electrochemical character
ization was made possible using a three-electrode cell consisting of an 
Ag/AgCl reference electrode, Pt counter wire electrode, and the RRDE as 
the working electrode. To prepare the working electrode for the elec
trochemical analysis, 4 mg of the synthesized catalyst was dispersed in a 
solvent containing 6 μL Nafion® solution (527,084, Sigma Aldrich, 
USA), 334 μL distilled water, and 84 μL isopropyl alcohol. The mixture 
was then subjected to ultra-sonication in a sonic bath (Branson) for 3 
min 15 μL of the resulting ink solution was then introduced onto the 
polished glassy carbon (GC, BAS Co. Ltd., Japan). The GC was then 
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allowed to dry at room temperature. In this work, 0.1M KOH pH 13, 0.1 
M PB solution pH 7.2, and 0.1 M H2SO4 pH 1 were used as ORR elec
trolyte medium after bubbling with either N2 or O2 gas for about 20 min. 
As a comparison, a similar ink as outlined above was synthesized but 
using 3 mg of the synthesized catalyst and 1 mg of Denka carbon black. 
Subsequent steps for ink formation and GC preparation remained the 
same as outlined above.

In both electrolyte media, LSV was obtained at a scan rate of 10 
mVs− 1 and a rotation speed of 1600 rpm. In neutral conditions, a po
tential range of 0.5 V to − 0.5 V vs. Ag/AgCl was investigated, in acidic 

conditions, a potential range of 1.1 V to − 1 V vs. Ag/AgCl while a po
tential range of 0.2 V to − 0.8 V vs. Ag/AgCl was monitored in an 
alkaline medium. The potential of the ring electrode was set to 1.2V, 
0.8V, and 0.8 V vs. Ag/AgCl constant for acidic, neutral, and alkaline 
medium. Cyclic voltammetry (CV) was also evaluated at a scan rate of 
50 mV/s in both conditions with continuous O2 or N2 gas bubbling. 
Other electrochemical measurements carried out in this work include 
durability, Methanol, and potassium cyanide (KCN) stability as per 
previously reported works of literature. As a control, the electrochemical 
analysis described above was conducted using a 40 wt% commercial 

Fig. 1. Catalyst synthesis and morphology characterization. (a) Schematics of RH-Fe-N catalysts synthesis. Scanning electron microscopy images (SEM) for (b) 
Pristine RH and (c) RH-Fe-N. High resolution Transmission Electron Microscopy (TEM) images of (d) RH-Fe-N and their corresponding (e) EDS mapping after 
template carbonization. (f) HAADF-STEM image of RH-Fe-N, showing Fe atomic distribution on the RH derived carbon and (g) higher magnification of cluster 
like regions.
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platinum catalyst.
To assess the practical application of the prepared catalysts, a ZAB 

was assembled. The anode consisted of polished zinc foil with a thick
ness of 0.5 mm. The electrolyte was a mixed aqueous solution of 6 M 
KOH and 0.2 M Zn(CH3COO)2. The air cathode was fabricated by uni
formly applying RH-Fe-N-CB catalyst ink onto conductive carbon paper 
(gas diffusion layer) with a loading of 1 mg cm− 2. For comparison, 40 wt 
% Pt/C was used as the control electrocatalyst. Discharge polarization 
curves were recorded at a scan rate of 5 mVs− 1 using an Ivium poten
tiostat, with additional battery analyses performed according to previ
ously reported methods.

2.4. Density functional theory (DFT) computational details

The extent and role of amorphous silica in stabilizing the Fe-N4 
moiety was characterized by DFT calculations using the Gaussian 16 
software package with the B3LYP hybrid functional along with 6-31G(d, 
p) basis sets for C, N, and H, and lanl2dz for Fe and Si [35,45–47]. All 
initial structures before optimization with DFT were generated by 
GaussView6.1 with the initial distance between the Fe atom and the 
(Fe-O) ligand fixed between 1.97 and 2.0 Å as per the XAS analysis 
outcome.

3. Results and discussion

The synthesis of RH-Fe-N was achieved through a multistage 
carbonization process, consisting of three main steps: (1) pre- 
carbonization with iron doping, (2) simultaneous carbonization and 
activation via template carbonization, and (3) acid treatment followed 
by nitrogen annealing as illustrated in Fig. 1a. The first step involved 
hydrothermal carbonization of precursor materials, specifically pyrite 
and RH. During this process, iron (Fe) was incorporated into the RH- 
derived hydrochar, forming iron-doped carbon precursors. Subse
quently, a simultaneous activation and carbonization process was 
employed to further modify the material using a sacrificial template 
carbonization conducted at 750 ◦C in the presence of NaCl and urea.

In this step, NaCl served as a template to achieve porosity in the RH 
carbon structure, while the addition of urea aided in the formation of 
nitrogen-containing functionalities. After templating carbonization, the 
resulting biochar material underwent acid treatment and neutralization 
to remove any residual salts and impurities. Finally, the activated pre
cursor was subjected to nitrogen annealing at 850 ◦C resulting in the 
formation of the final product labeled as RH-Fe-N in this work. The as 
prepared catalysts were then subjected to various characterizations as 
discussed in the subsequent sections.

3.1. Synthesis and morphology of the catalyst

Pyrite was subjected to oxidative dissolution using a low- 
temperature hydrothermal process (170 ◦C for 1 h) in an oxygenated 
medium, resulting in an oxidized pyrite solution. This solution was rich 
in SO4

2− and Fe2+ ions, as confirmed by inductively coupled plasma mass 
spectrometry (ICP-MS) analysis (Fig. S1). The high SO4

2− concentration 
in the solution was responsible for the low pH recorded in the pyrite 
solution, which is a known condition that enhance the solubility of iron 
precursors during hydrothermal carbonization processes [48]. This was 
crucial in the subsequent stage of hydrothermal carbonization in this 
work, where the pyrite solution was mixed with RH and subjected to 
250 ◦C for 6 h. The combination of low pH and elevated temperature 
further increased the concentration of Fe2+ ions, promoting stronger 
interactions between the RH carbon matrix and iron [49]. These con
ditions facilitated efficient Fe doping onto the RH carbon matrix as 
confirmed by various physicochemical characterization outlined in 
subsequent sections.

As shown in the SEM images in Fig. 1(b and c), despite both Pristine 
RH and RH-Fe-N being subjected to the same carbonization 

temperatures, the effect of sacrificial template carbonization using NaCl 
and urea was clear in RH-Fe-N. This sample exhibited a more pro
nounced 3D, rugged, and irregular morphology, as depicted in Fig. 1c, in 
contrast to the more compact and poorly developed porous structure 
observed in Pristine RH (Fig. 1b). The transition to a looser, more porous 
structure in RH-Fe-N was primarily driven by the interaction between 
the carbon substrate and pyrolysis gases, such as NH3, which were 
generated from urea during N2 annealing within the confined nano
reactors created by NaCl crystals. This process facilitated the formation 
of numerous micropores and mesopores, underscoring the critical role of 
NaCl and urea in promoting porosity during synthesis process [50–52].

In addition, this gasification effect of NH3 within the enclosed 
nanoreactor resulted in N atoms incorporation in the RH carbon matrix 
and hence trapping the already pre-doped Fe atoms in the microporous 
sites [53]. The resulting RH-Fe-N morphology, with its enhanced 
porosity, is expected to improve exposure of active sites and facilitate 
efficient mass transport during ORR activity. The extent of porosity and 
heteroatom dispersion within the microporous structure of the RH-Fe-N 
carbon matrix was further investigated using TEM analysis. Unlike the 
generally compact and dense morphology exhibited by RH-Fe-N before 
template carbonization as shown in Fig. S2, the RH-Fe-N TEM image 
after template carbonization displayed a homogeneous, wrinkled sur
face morphology across the observable area, with a wide region covered 
by transparent regions as shown in Fig. 1d.

This indicated the formation of porosity in RH-Fe-N after template 
carbonization, consistent with the earlier SEM observations. A high- 
resolution TEM image of RH-Fe-N, shown in Fig. 1d (inset), revealed 
numerous highly ordered mesoporous structures with an average mes
opore diameter of approximately 20 nm. These mesopores provided 
edge sites that facilitated the immobilization of the doped heteroatoms. 
This was further confirmed by energy dispersive X-ray spectroscopy 
(EDS) mapping as shown in Fig. 1e. The EDS analysis detected the 
presence of C, N, and Fe that were homogeneously dispersed along the 
mesopores. Although the EDS mapping revealed a general dispersion of 
Si throughout the observed region, there were some segregations of the 
Si as depicted by the silica-rich clusters.

Furthermore, bamboo-like carbon nanotube (CNT) structures were 
observed in the TEM images Fig. 1d which are characteristic of iron- 
catalyzed growth during the carbonization process. To investigate the 
nature and distribution of iron species responsible for this morphology, 
aberration-corrected high-angle annular dark-field scanning trans
mission electron microscopy (HAADF-STEM) was performed on the RH- 
Fe-N catalysts, as shown in Fig. 1e and f. At the 5 nm scale (Fig. 1f), 
numerous isolated bright spots were detected, uniformly distributed 
across the field of view. These features were consistent with atomically 
dispersed Fe species, as further supported by EDS mapping (Fig. 1e). 
Additionally, a few localized regions (highlighted by red rectangles) 
suggested the presence of small crystalline iron oxide nanoclusters, 
although these were sparse and scattered.

To further analyze these regions, higher magnification HAADF-STEM 
images (2 nm scale, Fig. 1g) were acquired. These confirmed that 
atomically dispersed Fe remains the predominant species, with only 
minor fuzzy aggregates likely corresponding to ultra-small Fe oxide 
clusters. The chemical nature of these Fe species was further examined 
using X-ray photoelectron spectroscopy (XPS), X-ray absorption spec
troscopy (XAS), and X-ray diffraction (XRD), as detailed in subsequent 
sections. These analyses confirmed the successful incorporation of Fe 
and N as heteroatoms into the RH-derived carbon matrix, along with 
self-doped SiO2 from the precursor material (RH).

Similarly, the overlapping elemental distribution of Fe and N in EDS 
mapping suggests a strong interaction between these elements, likely 
leading to the formation of Fe–N4 moieties, which act as active sites for 
ORR activities [22,53]. Additionally, this uniform and homogeneous 
distribution of doped elements was expected to significantly enhance the 
catalyst’s stability during the ORR process [54,55]. To understand the 
nature and type of porosity achieved in the RH-Fe-N catalyst, 
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Brunauer-Emmett-Teller (BET) analysis and density functional theory 
(DFT) adsorption-desorption isotherms were conducted as shown in 
Fig. S3. A distinct nitrogen adsorption at relatively low relative pressures 
in the RH-Fe-N catalyst compared to Pristine RH, confirmed the pres
ence of micropores in the RH-Fe-N catalyst as revealed by BET.

The nature and type of micropores formed in RH-Fe-N as investigated 
using DFT, revealed a hierarchical porous structure with two main pore 
diameters in the ranges of 0.4–0.5 nm and 0.6–0.8 nm, with most of the 
pores cantered in the 0.6–0.8 nm range. On the other hand, Pristine RH 
exhibited only one type of micropore, mainly centered between 0.5 and 
0.6 nm. These average pore diameters in the RH-Fe-N catalyst were 
sufficiently large to accommodate most of the hydrated ions found in 
ORR electrolyte solutions, such as K+ (diameter 0.66 nm), Na+ (diam
eter 0.72 nm), Cl− (diameter 0.66 nm), PO4

3− (diameter 0.67 nm) and 
OH− (diameter 0.6 nm) [56,57]. This was essential in facilitating the 
mass transport of these ions to the active sites immobilized within the 
micropores, thereby enhancing the electrolytic kinetics of the catalyst. 
This phenomenon was further confirmed by the higher ORR activity 
observed in the RH-Fe-N catalyst compared to Pristine RH, as discussed 
in the subsequent section.

3.2. Activity and stability for ORR

The influence of the doped heteroatoms (Si, Fe, and N) in promoting 
ORR activity was investigated using a rotating ring disk electrode 
(RRDE) in 0.1 M KOH, 0.1 M PB, and 0.1 M H2SO4 solutions. This was 
achieved using a linear sweep voltammetry (LSV) at a scan rate of 10 
mVs− 1 and 1600 rpm in both N2 and O2 saturated electrolyte solutions. 
All potentials were referenced to the reversible hydrogen electrode 
(RHE). The LSV curves shown here represent the difference between the 

LSVs in O2-saturated electrolytes and those in N2-saturated electrolytes. 
As shown in Fig. 2a, in 0.1 M KOH solution, the onset potentials (Eonset) 
defined as at 0.01 mAcm− 2 were 0.99 V for RH-Fe-N, and 1.00 V for 
commercial 40 wt% PtC and 0.76 V for Pristine RH. This exceptional 
onset potential exhibited by RH-Fe-N was consistent with the corre
sponding half-wave potential (E1/2) of 0.80, 0.84, and 0.65 V for RH-Fe- 
N, PtC, and Pristine RH respectively. RH-Fe-N ORR activities far 
exceeded those of pristine RH and almost equaled those of commercial 
PtC. This superior ORR activity was owing to the well-developed hier
archical pore structure and the homogenous dispersion of doped het
eroatoms in the micropore and mesopores in RH-Fe-N as earlier 
presented under the morphology characterization section.

The excellent ORR activity of the RH-Fe-N catalyst, compared to 
commercial Pt/C in an alkaline medium, was also replicated in near- 
neutral conditions. With an onset potential of 0.90 V compared to 
1.00 V achieved by commercial Pt/C under 0.1M PB as shown in Fig. 2b, 
the RH-Fe-N catalyst demonstrated promising performance. Although 
this value was generally lower than that of Pt/C, the RH-Fe-N activity 
still ranked among the highest reported in near-neutral media, as 
recently documented by Vo T. et al. [58]. The well-developed hierar
chical morphology, along with the edge defects discussed earlier in the 
morphology characterization, contributed to the exposure of active sites 
within the RH-Fe-N catalyst, thus enhancing its ORR activity. Addi
tionally, the exceptional onset potential in RH-Fe-N was accompanied by 
a superior half-wave potential of 0.73 V, slightly below that of com
mercial Pt/C at 0.78 V.

When the ORR activities were analyzed under acidic conditions (0.1 
M H2SO4), a similar trend to that observed in alkaline and neutral media 
was recorded. RH-Fe-N achieved a remarkably high onset potential of 
0.91 V, compared to 0.92 V for 40 wt% Pt/C, as shown in Fig. 2c. The 

Fig. 2. Electrochemical performance of as prepared catalysts. LSV curves of the as prepared catalysts under (a) 0.1M KOH, (b) 0.1M PB and (c) 0.1M H2SO4. (d) Tafel 
slopes of as prepared catalyst in 0.1M KOH, 0.1M PB and 0.1M H2SO4. Normalized current vs time curves for RH-Fe-N vs commercial 40 % PtC measured at 0.8V and 
at 1600 rpm in saturated and (e) 0.1M PB (f) 0.1M H2SO4.
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high activity in the acidic medium could be attributed to the improved 
dispersion of Fe and N within the micropores of RH-Fe-N, in addition to 
the enhanced stability provided by the self-doped amorphous SiO2, 
which helped limit the dissolution of the active Fe-N4 sites [59]. How
ever, despite this high onset potential in an acidic medium, a concern 
arose due to the low current density, even at large overpotentials. This 
was particularly evident as the current density was lower than the 
diffusion-limited current density at 0.2 V vs RHE. As previously reported 
by Santosh K.et al., this phenomenon was hypothesized to be due to the 
low diffusion of protons (H+) in the diffusion region during ORR [60].

To address this issue, we added commercial carbon black to the 
prepared catalysts at a ratio of 1:4 and repeated the ORR analysis. 
Samples containing the commercial carbon black were labeled with the 
acronym "CB”. Intriguingly, the onset potentials of RH-Fe-N-CB and 
Pristine RH-CB across all media remained relatively unchanged; how
ever, there was a significant increase in the current densities. This effect 
was especially pronounced in alkaline and acidic media, as depicted in 
Fig. 2a and (c) respectively. The increased current densities for both RH- 
Fe-N-CB and Pristine RH-CB in the diffusion region of the LSV plot 
confirmed that the addition of conductive carbon black improved the 
diffusion of oxygen ions and protons [60].

To further understand the superior ORR activities exhibited by RH- 
Fe-N before and after the addition of conductive carbon black, Tafel 
slopes were measured and compared with those of commercial Pt/C, as 
shown in Fig. 2d for alkaline, neutral, and acidic media. Surprisingly, 
RH-Fe-N-CB exhibited a superior Tafel slope compared to commercial 
Pt/C across all media. The faster ORR kinetics, as confirmed by a su
perior Tafel slope of 59.7 mV⋅dec− 1 (compared to 62.5 mV⋅dec− 1 for 40 
wt% Pt/C in alkaline medium, were responsible for the high ORR ac
tivities discussed earlier. This was further accompanied by an average 
electron transfer number of 3.9, compared to 4 for Pt/C, as shown in 
Fig. S4. This demonstrated that RH-Fe-N followed the desirable 4-elec
tron transfer pathway during the ORR process, with an average 
hydrogen peroxide (H2O2) yield below 5 %, compared to 2 % for 40 wt% 
Pt/C.

The trend in Tafel slope and electron transfer number observed be
tween RH-Fe-N-CB and Pt/C was consistent across all media, including 
lower pH conditions. RH-Fe-N-CB demonstrated an even lower Tafel 
slope of 51.8 mV⋅dec− 1 in acidic medium while commercial Pt/C ach
ieved 50.5 mV⋅dec− 1 in the same medium. This further confirmed the 
even faster ORR kinetics in RH-Fe-N-CB as confirmed by a nearly perfect 
4-electron transfer pathway, with an extremely low H2O2 yield aver
aging 1.52 %, which was comparable to that of commercial Pt/C. The 
number of electron transfer were further confirmed using a Nabae model 
as shown in Fig. S5 which exhibited almost 75 % of ORR reactions taking 
place in the 4-electron region.

Overall, RH-Fe-N exhibited exceptional performance across all uni
versal pH media, nearly matching the ORR activities of state-of-the-art 
commercial Pt/C. As discussed earlier, the high activity was attributed 
to the well-developed hierarchical porosity and the homogeneous 
dispersion of heteroatoms within the micropores. However, the appli
cation of Fe-N-C-based catalysts has been limited to alkaline environ
ments due to the poor stability of such catalysts under neutral and acidic 
conditions. Motivated by the excellent catalytic performance of RH-Fe-N 
under neutral and acidic conditions, this study further investigated its 
stability and durability, especially in low pH environments; conditions 
in which traditional Fe-N-C catalysts typically exhibit low long-term 
performance due to degradation of the Fe related active sites.

After 14 h of continuous operation in 0.1 M H2SO4 at a constant 
voltage of 0.8 V and 1600 rpm, RH-Fe-N-CB retained 89.0 % of its initial 
current, outperforming RH-Fe-N (84.0 %) and the commercial Pt/C 
catalyst (72.0 %), as shown in Fig. 2f. This exceptional stability under 
acidic conditions is indicative of superior resistance to active site 
degradation, a common challenge for Fe-N-C catalysts [30,43]. In 
contrast, under neutral conditions, RH-Fe-N-CB also demonstrated 
remarkable durability, maintaining 80 % of its initial current, 

representing a 25 % improvement over the Pt/C catalyst (Fig. 2e). This 
result highlighted the catalyst’s superior performance in both acidic and 
neutral environments suggesting its potential for practical applications 
in wide ranges of pH media.

The enhanced long-term stability of RH-Fe-N catalysts was attributed 
to the improved dispersion and embedding of doped elements such as Si, 
Fe, and N within the carbon matrix. These dopants not only stabilized 
the active sites, preventing their erosion but also facilitated faster 
interfacial charge transfer, which was crucial for maintaining high cat
alytic activity even under prolonged operation [59].

To further understand the role of amorphous SiO2 in stabilizing 
Fe–N4 sites, a selective etching experiment was conducted using 
concentrated KOH to remove SiO2 from the RH precursor, as detailed in 
the Supporting Information. XRD analysis of the KOH-treated RH pre
cursor (Fig. S8a) confirmed the partial removal of the SiO2 phase, while 
the graphitic carbon structure remained intact. This proved that the 
etching process effectively targeted the silica without compromising the 
overall carbon framework. Following this step, the catalyst synthesis 
was completed using the KOH-etched precursor, and the resulting ma
terial was evaluated for ORR activity.

A significant shift in ORR performance marked by a ΔE1/2 of 85 mV 
was observed between RH-Fe-N and the catalyst derived from the KOH- 
treated precursor (Fig. S8b). This notable decline in performance un
derscores the crucial role of amorphous SiO2 in enhancing ORR activity, 
likely through stabilization of Fe–N4 moieties and modification of their 
local electronic structure. These findings were further clarified by X-ray 
absorption spectroscopy (XAS) and theoretical density functional theory 
(DFT) calculations, which are discussed in the subsequent sections.

To isolate the individual contributions of NaCl and urea during the 
catalyst’s synthesis, various control samples were prepared by omitting 
either NaCl or urea under identical conditions. The resulting catalysts, 
RH-Fe-N (without NaCl) and RH-Fe-N (without urea) were benchmarked 
against the fully synthesized RH-Fe-N-CB and the Pristine RH (without 
either additive), as shown in (Fig. S9). Linear sweep voltammetry using 
RRDE revealed that RH-Fe-N-CB exhibited a superior onset potential of 
0.98 V vs. RHE, outperforming RH-Fe-N without NaCl (0.878V) and RH- 
Fe-N without urea (0.84 V), confirming the synergistic contribution of 
NaCl (a porosity inducer) and urea (as a nitrogen source and porosity 
inducer) in enhancing ORR activity.

To further optimize the synthesis, the carbonization temperature was 
varied between 750 ◦C and 950 ◦C. There was an obvious increase in 
ORR activities as the synthesis temperature increased from 750 ◦C to 
850 ◦C but when the temperature increased to 950 ◦C there was a drastic 
drop in onset potential as shown in(Figure S9b). Further clarification on 
this phenomenon was confirmed using DFT-based adsorp
tion–desorption isotherms as shown in (Figure S3c). The DFT-based 
adsorption–desorption isotherms showed that RH-Fe-N prepared at 
850 ◦C developed a hierarchical microporous structure with dominant 
pore sizes between 0.4–0.5 nm and 0.6–0.8 nm which were sufficiently 
large to enable efficient ion transport of hydrated K+, Na+, Cl− , PO4

3 -, 
and OH− ions during ORR analysis. In contrast, samples treated at 
950 ◦C exhibited pore collapse due to structural sintering whose effects 
were evident from the diminished ORR activity (Figure S9b). Pristine 
RH, with its narrow and poorly distributed pores, lacked this hierar
chical porosity, leading to the lowest ORR performance. These results 
demonstrated the critical role of both NaCl and urea, as well as the 
importance of optimal carbonization temperature (850 ◦C), in achieving 
highly active and stable ORR catalysts.

3.3. Identification of Fe-N4 active sites

To understand the exceptional ORR activity of RH-Fe-N, several 
physicochemical characterizations were conducted and compared with 
various reference samples, including Pristine RH as a negative control. 
Powder X-ray diffraction (XRD) analysis, shown in Figure S10, was used 
to confirm the successful doping of heteroatoms in the synthesized 
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electrocatalysts. RH-Fe-N exhibited a distinct peak at 22.0◦, attributed to 
amorphous SiO2 from the self-doped silica in RH. Similarly, RH-Fe-N 
sample exhibited multiple minor iron peaks between 43◦ and 50◦

mainly indexed to Fe3C. These findings confirmed the successful re
covery of Fe from pyrite and its incorporation into biomass-derived 
carbon during the hydrothermal process.

To seek clarity on the nature and type of interaction between these 
heteroatom dopants, X-ray photoelectron spectroscopy (XPS) analysis 
was carried out on the as prepared catalysts. A high-resolution XPS 
survey scan revealed four distinct groups of sharp peaks in both pristine 
RH and RH-Fe-N, as shown in Figure.S11. Peaks observed between 100 
and 200 eV in binding energy were attributed to Si (Si 2p), with the 
dominant peak between 280 and 290 eV corresponding to C (C 1s). A 
peak around 526–536 eV was attributed to O (O 1s), indicating the 
presence of oxygen in the carbon matrix. Notably, a clear N1s peak at 
approximately 400 eV was detected in RH-Fe-N, while a poorly resolved 
N 1s peak was observed in pristine RH, confirming successful nitrogen 
doping into the RH carbon structure via urea addition during the tem
plate carbonization process.

Similarly, traces of Fe 2p peak was detected around 720 eV on the 
RH-Fe-N spectrum while the same could not be detected on the pristine 
RH spectrum. Intriguingly, despite the high content of sulfur (S) in the 
pyrite solution used as an Fe dopant, no significant S doping was ach
ieved in the RH-Fe-N catalyst as shown from the RH-Fe-N XPS survey. 
This was further, clarified using CHNSO elemental analysis on the syn
thesized RH-Fe-N ash samples. The CHNSO analysis results, as shown in 
Figure.S12, revealed that the sulfur content in both samples was very 
low, with only trace amounts of sulfur (≤ 0.07%) incorporated into the 
carbon matrix during synthesis. This suggests that although the oxidized 
pyrite solutions contain a significant amount of SO4

2− , the sulfur species 
did not substantially doped into the final carbon structure. This was 
attributed to the minimal sulfur incorporation to the nature of the syn
thesis conditions, where the high-temperature treatment under inert 
atmosphere likely prevented significant sulfur retention.

The high-resolution N 1s spectrum was deconvoluted into three 
distinct peaks located at 398.3, 399.4, and 401.2 eV, corresponding to 
pyridinic-N, pyrrolic-N, and graphitic-N, respectively as shown in 
Fig. 3a. The higher concentration of electron-donating pyridinic-N and 
electron-conducting graphitic-N in RH-Fe-N suggested that the catalyst 
possessed enhanced electrocatalytic properties [61], which likely 
contributed to its superior ORR activity compared to pristine RH. 
Pyrrolic-N, which is known to promote a 2-electron transfer pathway 
during ORR [36], was detected at low atomic concentration in RH-Fe-N. 
This, along with the higher concentrations of pyridinic-N and 
graphitic-N, supported the catalyst’s preference for a more efficient 
4-electron transfer pathway across all pH media as earlier discussed.

The high-resolution Fe 2p XPS spectrum, shown in Fig. 3b, revealed 
two distinct peaks (Fe 2p3/2 at around and Fe 2p1/2) in RH-Fe-N, which 
were absent in pristine RH. The deconvoluted Fe 2p XPS spectrum 
featured Fe2+ 2p3/2 at approximately 710.5 eV and Fe3+ 2p3/2 at around 
713.7 eV, along with their corresponding 2p1/2 peaks at 723.8 eV and 
727.1 eV respectively. In addition, characteristic satellite peaks were 
detected at approximately 716.3 eV and 730.5 eV. Consequently, no 
distinct peak corresponding to metallic Fe0 (typically observed near 
706.6 eV) was detected. This affirmed that Fe doped into the RH-Fe-N 
catalyst existed in oxidized form with mixed oxidation states or coor
dinated forms rather than in its elemental state. This observation aligned 
well with the XRD, HAADF and TEM results, confirming the successful 
recovery and doping of Fe from the pyrite solution. The existence of 
multiple oxidation states of Fe pointed at high degree of atomic inter
action between Fe and N in RH-Fe-N. Such interactions are believed to 
have played a crucial role in the formation of Fe-N4 active sites, which 
were associated with enhanced catalytic activity [62].

To investigate the effect of Fe loading on catalytic performance, RH- 
Fe-N samples were synthesized using different RH-to-pyrite molar ratios 
(1:5 and 1:10), along with a control sample without pyrite. XPS analysis 
of the Fe 2p spectra (Figure.S13a) revealed that higher pyrite content 
(1:5 ratio) led to stronger Fe2+/Fe3+ signals, indicating more effective 

Fig. 3. Identification of Fe-N-C active sites. (a) High resolution N 1s analysis for as prepared RH-Fe-N as compared to that of Pristine RH catalyst and (b) a cor
responding high resolution Fe 2p survey. (c)Fe K-edge XANES spectrum of RH-Fe-N together with various reference compounds for comparison. (d) Si K-edge XANES 
spectrum of RH-Fe-N together with various reference compounds for comparison and their corresponding FT-EXAFs relating to (e) Fe K-edge FT-EXAFS of as prepared 
RH-Fe-N catalyst compared with various standard references. (f) Si K-edge FT-EXAFS of as prepared RH-Fe-N catalyst compared with various standard references.
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incorporation of iron into the carbon matrix. In contrast, the 1:10 sample 
showed weaker Fe signals, while the pyrite-free control exhibited no 
detectable iron. This trend confirmed that pyrite was the primary Fe 
source in the RH-Fe-N catalyst.

These variations impact on the ORR performance were analyzed as 
shown Figure.S13b. The RH-Fe-N 1:5 catalyst demonstrated the highest 
ORR activity, attributed to optimal formation of Fe–Nx active sites. 
Lower activity in the 1:10 and pyrite-free samples correlated with 
reduced iron content and fewer active sites. In line with the aim of this 
work on sustainability, the 1:5 RH-to-pyrite molar ratios were consid
ered for this work and higher loading ratios were disregarded at this 
time. These findings highlight the critical role of pyrite concentration in 
tuning Fe incorporation and optimizing electrocatalytic activity in RH- 
derived carbon catalysts.

To clarify the chemical state, electronic structure, and interactions of 
doped heteroatoms in RH-Fe-N, X-ray absorption spectroscopy (XAS) 
was performed and compared with standard references. The Fe K-edge 
XANES spectra of RH-Fe-N was traced between the peaks of FeO (Fe2+) 
and α-Fe2O3 (Fe3+) spectra suggesting the co-existence of Fe2+/Fe3+

oxidation states. This was consistent with other spectroscopy analysis 
such as XPS and other material analyses such as TEM, HAADF and XRD 
that hinted at the existence of surface Fe oxides on the RH-Fe-N catalyst. 
A detailed inspection of the pre-edge region (7105 eV–7120 eV) 
revealed an almost similar pre-edge shoulder peak to those of FePc and 
α-Fe2O3 though smaller in intensity compared to FePc but larger than 
α-Fe2O3 around 7111 eV.

To clearly distinguish the adjacent elements with nearby atomic 
numbers such as Fe-N, Fe-O and other bonds, an analysis of the Fourier- 
transformed (FT) EXAFS region of RH-Fe-N was carried out, as shown in 
Fig. 3e. RH-Fe-N exhibited a broad peak at approximately 1.59 Å which 
was in line with the Fe-N scattering path in FePc. This confirmed a 
possible 4 Fe-N coordination environment which is attributed to the 
formation of porphyrin-like configurations (Fe-N4). Such structures are 
commonly associated with active sites during ORR [22,34]. Further
more, a distinct peak at approximately 2.60 Å corresponding to the Fe-O 
scattering path was observed, indicating the co-existence of Fe with 
surface oxide species. Interestingly, no significant Fe-Fe scattering path 
was detected at 2.20 Å, which implied that the Fe atoms were atomically 
dispersed rather than clustered and were likely bonded with other ele
ments such as N, C or linked with amorphous SiO2. This finding was 
consistent with both HAADF, TEM and XPS analyses, further confirming 
the atomic dispersion of Fe in the RH carbon matrix hence creating 
active sites in the mesopores and micropores. The nature of coordination 
was confirmed by fitting the experimental data on Artemis software as 
discussed in subsequent section.

The structure and coordination of self-doped silica on RH-derived 
carbon were also characterized using soft X-ray absorption spectros
copy (XAS). A Si K-edge XANES spectra of RH-Fe-N revealed an almost 
perfect alignment with both amorphous SiO2 as shown in Fig. 3d. This 
observation was further supported by the Si-K-edge Fourier transform 
(FT) spectra as shown in Fig. 3f, which displayed a Si-O peak at 
approximately 1.3 Å, a feature common to almost all references inves
tigated besides those of pure Si. A distinct shoulder peak was detected 
around 1.8–1.9 Å. This peak, which is presumed to correspond to a 
second Si–O coordination, resembles those observed in the Fe2SiO4 
reference and amorphous SiO2, but was not present in the SiO reference. 
This unique feature suggests the possibility of coordination between Si 
and other elements via a silica oxide linkage. These observations indi
cated that RH-Fe-N contained a mixture of silica phases, likely amor
phous, and potentially involving other oxide linkages. Further analysis 
of the RH-Fe-N EXAFS data in the 2–4 Å region revealed peaks resem
bling those found in amorphous SiO2, including a distinct feature near 
2.9 Å corresponding to the shoulder peak of Fe2SiO4. This suggested the 
possible formation of Si–O–Fe linkages. These results support the hy
pothesis of the presence of amorphous silica within the RH-Fe-N catalyst 
and possible coordination with Fe. In mixed-valence Fe2+/Fe3+ systems 

such as amorphous silicate glasses, a possible reduction in the average Si 
oxidation state to approximately +2.5–3.0 may lead to a more acute 
Si–Fe bond angle and thus a shorter bond length [63].

Similarly, in RH-Fe-N sample, where amorphous SiO2 is believed to 
axially coordinate to the FeN4 site, the Si K-edge EXAFS spectrum 
exhibited a second-shell peak at approximately 2.8 Å. This slightly 
shorter Si–Fe distance suggests an even more bent Si–Fe geometry, 
potentially reflecting a highly distorted interfacial linkage between the 
Fe center and the silica matrix. The observed deviation from literature 
values may indicate a lower local coordination symmetry or a more 
electron-rich environment, further supporting the formation of struc
turally integrated Si–O–Fe linkages at the FeN4 site. The nature of this 
coordination was further examined through fitting the experimental Si 
K-Edge data on Artemis software as discussed in subsequent section. 
Notably, the absence of a distinct Si peak in RH-Fe-N indicated that silica 
was chemically bonded to other elements, which suggested possible 
formation of edge defects on the carbon lattice that could serve as active 
sites for ORR activities.

The hypothesized presence of Fe-N4 active sites in RH-Fe-N, were 
confirmed experimentally by introducing potassium cyanide (KCN) into 
a 0.1 M KOH electrolyte during linear sweep voltammetry (LSV) anal
ysis. Cyanide ions (CN− ) are known to compete with O2 for active sites in 
Fe-N4 sites [64], as such the addition of KCN was expected to signifi
cantly reduce the ORR activity of a catalyst containing Fe-N4 sites. This 
claim was confirmed as shown in Figure.S14, the onset potential of 
RH-Fe-N dropped by almost 153 mV after KCN was added. However, 
when KCN was washed off from the electrode with water and the elec
trolyte was replaced with only 0.1 M KOH, there was a notable recovery 
in the onset potential. This indicates that CN− temporarily blocked the 
Fe-N4 sites in the RH-Fe-N catalyst [35]. After washing away the cya
nide, the catalyst restored its initial ORR performance, confirming that 
the Fe-N4 active sites were still present and functional. These results 
corroborate the presence of Fe-N4 sites as suggested by the XAS analysis 
hence explaining the superior ORR activities exhibited by RH-Fe-N 
across all pH media.

3.4. Stabilization of Fe-N4 active sites by SiO2

As outlined in preceding sections, the superior catalytic activity of 
RH-Fe-N catalysts across a wide range of pH conditions can be attributed 
to the excellent and uniform distribution of doped heteroatoms, 
including self-doped amorphous SiO2. As discussed earlier, the in
teractions between these dopants and the RH carbon matrix result in 
multiple coordination modes at the active sites. One of the key modes is 
the postulated four-fold coordination (Fe-N4) between iron (Fe) and 
nitrogen (N) besides the possibility of a fifth coordination between Fe 
and surface oxides functional groups as indicated by earlier XPS and 
XAFS analyses. To clarify this hypothesis, both experimental analysis via 
Artemis fitting of experimental data and theoretically using density 
functional theory (DFT) calculations were carried out as detailed below.

The acquired experimental EXAFS data was processed according to 
standard procedures using the ATHENA module implemented in the 
IFEFFIT software package [65].The EXAFS spectra were obtained by 
subtracting the post-edge background from the overall absorption and 
normalizing with respect to the edge-jump step. Subsequently, the χ(k) 
data were Fourier transformed into real (R) space using a Hanning 
window (dk = 1.0 Å− 1) to isolate EXAFS contributions from different 
coordination shells. To extract quantitative structural parameters 
around the central atom for both Fe K-Edge and Si K-Edge, the 
least-squares curve-fitting was performed using the ARTEMIS module of 
the IFEFFIT software suite.

For Fe K-Edge fitting, a model was constructed using a monoclinic 
Fe2NO8 crystal structure (ICSD ID:87421) as a theoretical reference. This 
structure included a known local coordination geometry where the Fe 
atom is bonded to four nitrogen atoms (degeneracy = 4) and a single 
axial oxygen atom (degeneracy = 1). Initially, the coordination numbers 
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were fixed according to this known degeneracy. The amplitude reduc
tion factor S0

2 was refined to 0.941 ± 0.076 and then fixed in subse
quent fits. The structural parameters bond distances Rj, Debye-Waller 
factors σj

2 and edge-energy shift ΔE0 were allowed to float. The fitted 
EXAFS spectrum is as shown in Fig. 4a and a detailed summary of the 
fitting parameters is provided in Table S1. This quantitative EXAFS 
fitting confirmed a Fe-N4 coordination in the first scattering path shell, 
with a refined coordination number (CN) of around 4, bond length R(Å) 
of 1.97 Å, and Debye-Waller factor σj

2 = 0.01023. The EXAFS analysis 
revealed a primary Fe-N4 coordination environment, with a fitted Fe-N 
bond length of 1.97 Å, corresponding to a Fourier-transformed (FT) 
EXAFS peak at around 1.59 Å(Fig. 3e). This peak, after accounting for a 
phase shift, aligns with the fitted Fe-N bond length and hence consistent 
with porphyrin-like Fe-N4 structures, such as iron phthalocyanine 
(FePc). A secondary, weaker scattering path, attributed to an axial Fe-O 
interaction (interpreted as a fifth ligand), was observed at a fitted dis
tance of 3.06 ± 0.02 Å, with coordination number (CN) of around 1.00 
and σj

2 = 0.00792. This corresponded to the FT-EXAFS peak at around 
2.60 Å after accounting for phase shifts during fitting. The Fe-N and Fe-O 
scattering paths were well-fitted to the RH-Fe-N data at the Fe K-edge, 
with a reduced chi-square of 29.49 and an R-factor of 0.0073, indicating 
high fitting quality. These results collectively confirm the presence of a 
Fe-N4 moiety with a potential axial oxygen ligand, underscoring the role 
of Fe and N heteroatoms in the enhanced ORR activity of the RH-Fe-N 
catalyst across a universal pH range

Similarly, Si K-edge EXAFS fitting incorporating scattering paths 
derived from the FeSiO3 crystal structure (ICSD ID: 75928) was 
demonstrated. In this case, not only first shell scattering but also longer- 
range Si–Fe paths were aimed to examine the possibility of Si–O–Fe 
bonding in the RH-Fe-N catalyst. The fitted Si K-Edge EXAFS spectrum is 
as shown in Fig. 4b and a detailed summary of the fitting parameters is 
provided in Table S2. This quantitative EXAFS fitting provided more 
insights, especially on the shoulder peak observed near 1.8 Å in the 

Fourier-transformed EXAFS spectrum. This peak was well accounted for 
by a second-shell O scatterer (Si-O) at R about 1.64 Å with a refined 
coordination number (CN) of 2.00, bond length R(Å) of 1.64 Å, and 
Debye-Waller factor σj

2 = 0.0035. Moreover, a longer-range scattering 
path at around 3.09 Å with a refined coordination number (CN) of 1.00, 
bond length R(Å) of 3.087 Å and Debye-Waller factor σj

2 = 0.0056 was 
identified and assigned to a Si–O–Fe interaction. This distance was 
consistent with a Fe-O shell identified on the Fe-K-edge fit at 3.06 ±
0.02 Å. This path supports the hypothesis at a possible O ligand bridging 
Si and Fe atoms, which was consistent with the features observed in both 
of the experimental EXAFS spectrum for Fe-K-edge(Fig. 3e) and Si-K- 
edge (Fig. 3f) thus suggesting the presence of the Si–O–Fe linkages. 
Which may be associated with the fifth coordination on the Fe-N4 moiety 
in the RH-Fe-N catalyst. The quality of the fit with a reduced chi-square 
of 18.5 and an R-factor of 0.0086 and physical relevance of the paths as 
discussed above suggests the potential presence of interfacial bonding 
between the Fe species and the silica(amorphous SiO2) matrix. These 
results lend support to the earlier hypothesis that SiO2 not only acts as a 
structural support but also helps anchor Fe centers, potentially stabi
lizing Fe–N4 active sites via a fifth coordination originating from 
Fe–O–Si linkages.

With the confirmed existence of a fifth coordination originating from 
oxygen ligand, the question of to what extent this linkage is contributing 
to the catalyst’s stability was still prevalent. To address this ambiguity, 
comfort was sought from theoretical calculations using DFT models. 
Previous studies have demonstrated that the adsorption of O2 molecules 
and the subsequent stretching of the O-O bond at the active sites play a 
critical role in the ORR mechanism [66]. DFT calculations in this work 
support this idea by examining the RH-Fe-N system with and without the 
presence of SiO2. In the model without SiO2, the central Fe ion experi
enced displacement from the Fe-N4 ring plane (Nct-Fe = 0.331 Å), as 
shown in Fig. 4a due to the adsorption of O2 and the elongation of the 
O-O bond. This displacement weakened the Fe-N4 bond, increasing the 

Fig. 4. (a) FT-EXAFS fitting curve in R space of RH-Fe-N at the Fe K-edge and (b) FT-EXAFS fitting curve in R space of RH-Fe-N at the Si K-edge. Density functional 
theory Optimized structure of RH-Fe-N. (c)Optimized structure of RH-Fe-N without amorphous SiO2 and (d) corresponding optimized structure with amorphous SiO2. 
Red spheres represent O2 atoms, blue spheres represent nitrogen atoms, purple spheres represent Fe, grey spheres represent Si while dark grey spheres represent 
carbon. (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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likelihood of Fe detaching from the catalytic site, which may lead to 
catalyst degradation. In contrast, when SiO2 is included, the Fe ion re
mains firmly centered within the Fe-N4 ring plane (Nct-Fe = 0.012 Å), as 
shown in Fig. 4b. This phenomenon hinted at the role SiO2 played in 
stabilizing Fe-N4 active sites, thus reducing the displacement of Fe and 
maintaining the integrity of the active site.

The impact of amorphous SiO2 on the electronic structure of Fe was 
further analyzed by examining Mulliken charges on the Fe ion, with and 
without the SiO2 ligand as shown in Figure.S15. In the model without 
SiO2, the charge on Fe was 0.483, while with SiO2, it increased to 0.727. 
This indicated that SiO2 increased the electron density around the Fe 
ion, which enhanced O2 adsorption, an important step in the ORR 
catalysis [67]. After O2 adsorption, the Fe charge decreased to 0.689 in 
the presence of SiO2, suggesting significant electron transfer from Fe to 
O. In the absence of SiO2, the charge on Fe increased to 0.789, indicating 
weaker electron transfer. This behaviour supports the four-electron 
transfer mechanism, which is essential for efficient ORR catalysis [68]. 
In addition to improving the Fe-N4 coordination, the presence of SiO2 
introduced an additional axial coordination between Fe and 
oxygen-based ligands originating from SiO2, forming a fifth coordina
tion site. This structural modification enhanced the adsorption and 
activation of O2, leading to superior ORR activity compared to the 
traditional Fe-N4 coordination found in commercial catalysts, such as 
phthalocyanine (FePc) catalysts [69]. The formation of this extra coor
dination site was key to improving both the catalytic activity and the 
stability of the RH-Fe-N catalyst as earlier exhibited.

Furthermore, the role of amorphous SiO2 in enhancing catalyst 
durability was crucial. In the absence of SiO2, the larger displacement of 
the Fe ion from the Fe-N4 ring could increase the likelihood of Fe 
detaching from the macrocycle, leading to catalyst degradation and 
reduced long-term stability [43]. This was experimentally confirmed 
through a durability test comparing RH-Fe-N with commercial 40 wt% 
Pt/C catalysts, as shown in Fig. S7 for all pH media. These findings 
highlight that the superior durability of RH-Fe-N catalysts was not only 
due to the homogeneous dispersion of doped heteroatoms (Si, Fe, and N) 
in the carbon matrix but also the stabilizing effect of SiO2 on the Fe-N4 
active sites. SiO2 helped prevent the detachment of Fe from the active 
sites, preventing catalyst erosion, especially under low pH conditions. 
This stabilization promoted faster interfacial charge transfer, a key 
factor in maintaining high catalytic efficiency over time [59].

Therefore, the combination of homogeneous heteroatom doping and 
the stabilizing effect of SiO2 in the RH-Fe-N catalyst significantly 
enhanced its durability, ensuring sustained high activity over extended 
periods. These properties are crucial for real-world energy applications, 
where long-lasting and reliable catalytic performance is essential. To 
corroborate the practical applicability of RH-Fe-N, a homemade aqueous 
Zn–air battery (ZAB) was assembled using an RH-Fe-N-CB loaded gas 
diffusion layer carbon paper as the cathode. As shown in Fig. S16a, RH- 
Fe-N-CB achieved a peak power density of approximately 160 mWcm− 2 

outperforming the commercial Pt/C (40 wt%) benchmark, which 
attained around 120 mWcm− 2. This was consistent with an open circuit 
voltage of around 1.50 V against 1.40 V by Pt/C. This reflected a short- 
term stability test where RH-Fe-N-CB maintained a stable discharge 
voltage of over 10 min, slightly exceeding that of Pt/C, indicating good 
operational stability under constant load Fig. S16b.

The galvanostatic discharge profiles on the other hand at varying 
current densities Fig. S16c indicated that RH-Fe-N-CB consistently 
delivered higher voltages across all current steps. The voltage recovery 
upon returning to 5 mAcm− 2 confirmed an excellent reversibility and 
durability. In addition, a comparison of the key performance metrics for 
performance of the as-assembled ZABs among recently reported cata
lysts indicated that RH-Fe-N-CB had remarkable competitive activity 
and output in practical applications Table S3.

4. Conclusion

In summary, this work presents a sustainable and cost-effective 
Fe–N–C-based electrocatalyst (RH-Fe-N-CB) derived from rice husk, 
pyrite and urea, synthesized via a NaCl-templated carbonization strat
egy. This approach yielded a highly microporous carbon matrix that 
enhances mass transport and active site accessibility. The catalyst 
exhibited excellent ORR activity across a wide pH range, achieving half- 
wave potentials (E1/2) of 0.84 V vs. RHE in alkaline and 0.71 V vs. RHE 
in both acidic and neutral media outperforming many state-of-the-art 
non-precious metal catalysts as summarized under Table S4,Table S5
and Table S6 for alkaline, near neutral and acidic respectively.

The superior performance is attributed to the formation of Fe–N4 
moieties and possible fifth Fe–O coordination, potentially facilitated by 
the self-doped amorphous SiO2 from RH. This not only increased the 
number of active sites but also modified the carbon lattice to enhance 
the adsorption of N and Fe functional groups, further boosting catalytic 
activity and stability in not only alkaline environment but also in the 
harsh acidic environments hence underscoring its potential for energy 
applications like metal-air batteries. When evaluated in a zinc–air bat
tery, RH-Fe-N-CB delivers a high open-circuit voltage of 1.50 V and a 
peak power density of 160 mWcm− 2, surpassing commercial 40 wt% Pt/ 
C by almost 25 %. This work underscores the potential of biomass- 
derived electrocatalysts as viable, scalable alternatives to precious- 
metal-based systems for high-performance energy conversion devices.
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