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Meeting the energy demands of modern society remains a significant issue in pursuing safe, sustainable, and
highly effective fuel generation. The oxygen evolution reaction (OER) is a contemporary method for

hydrogen production and many novel electrocatalysts have been explored recently to enhance the

efficiency of O, evolution. This study focuses on: (i) the green synthesis of iron oxide nanoparticles (NPs)
using the leaf extract of Ocimum tenuiflorum, (ii) doping with transition/alkaline earth metals (Co, Zn,
Mg, and Ca); and (iii) their OER potential. The NPs were characterized in detail via Fourier-transform
infrared spectroscopy (FTIR), scanning electron microscopy (SEM), X-ray diffraction (XRD), UV-visible

spectroscopy, and square wave voltammetry (SWV), all of which confirmed the successful formation of

these NPs. A glassy carbon electrode modified with NPs was used to evaluate OER potential. The Co-

doped NPs attained a high electrochemically active surface area (ECSA) of 0.089 cm? which also
coincides with a high intrinsic activity attained via a Tafel slope of 58 mV dec™! and turnover frequency

Received 4th December 2025
Accepted 28th January 2026

(TOF) up to 0.38 s~ Among all variants, Co-doped nanoparticles exhibited superior electrocatalytic

performance with the lowest E, e, demonstrating their potential as an efficient and sustainable OER
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1. Introduction

The exhaustion of fossil fuels coupled with rising energy
consumption, leading to a substantial energy crisis in the 21st
century, has created great stress for the development of alterna-
tive sustainable and renewable energy resources." Among several
approaches, the oxygen evolution reaction (OER) has emerged as
a promising route for hydrogen production through water split-
ting. Electrocatalytic water-splitting represents a viable approach
for generating pure H, for commercial applications, as it operates
at room temperature and is a scalable process that necessitates
electrical energy. Currently, hydrogen represents a clean and
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catalyst. This study underscores the potential of plant extract mediated approaches to synthesise NPs for
application in energy conversion and storage devices.

sustainable energy source with high energy density and zero
carbon emissions and is under extensive investigation for its
potential to revolutionize the energy economy.>?

Importantly, the success of water splitting is greatly depen-
dent on OER kinetics which is sluggish and demands high energy
inputs to overcome its four-electron transfer barrier. Therefore,
the development of long-lasting, low-cost metal-based catalysts
that can support anodic OER is exciting. The suitability of an
electrocatalyst is evaluated through stability, high activity,
numerous exposed active sites, and low electron transport
barriers for efficient electrochemical water splitting (EWS) along
with its fundamental physical properties including its structural
phase transition. To this end, changing the oxidation states,
crystal topologies, and porous frameworks of some transition
metals can greatly improve their catalytic activity.”> Various
benchmark catalysts such as RuO, and IrO, have been extensively
employed to lower the overpotential required for water splitting
however, their high cost, less durability, and scarcity make their
monetary applications problematic.® Consequently, the main
focus is shifted to explore the OER potential of abundant metal-
based compounds/composites.

Recently, hematite (a-Fe,O;) has received substantial
consideration owing to its tremendous attributes in terms of
chemical stability in aqueous environments, an appropriate
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Scheme 1

energy band gap (1.9-2.2 eV) for light absorption, affordability,
and eco-friendliness.” Hematite, due to its well-suited energy
bandgap, can attain a theoretical maximum solar-to-hydrogen
(STH) efficiency of 15%, above the projected STH benchmark
efficiency of 10% for commercial applications.®

However, OER potential of pristine Fe,O; is constrained via low
charge-transportation, suboptimal electrical characteristics, and
slow charge transfer resistance at interface of electrode/electro-
lyte.® To date, significant efforts have been devoted to enhancing
the atomic and electronic structures of iron-based oxides through
chemical component modification, the construction of nano-
structures with dimensional confinement, the fabrication of low-
crystallinity and amorphous catalysts, and doping with cations
or anions. Specifically, doping of iron oxide with alkaline earth and
transition metals (i.e., Ca, Mg, Zn, and Co) has gained consider-
able attention due to modification in localized electronic structure
leading to enhanced charge carrier density thus facilitating the
conversion of oxygen intermediates during OER process.'***

For example, Co and Zn doping have been shown to greatly
increase the charge carrier mobility and OER kinetics of elec-
trodes made of hematite."*™® Such modifications enable the
researchers to design advanced electrocatalysts with superior
activity and durability for OER applications. Generally, electro-
catalysts are synthesized through conventional chemical and
physical processes (incompatible with green chemistry
concepts) which greatly rely on harsh environments and
hazardous precursors. Therefore, more focus is to utilize bio-
inspired greener approaches particularly through the deploy-
ment of plant extracts for the synthesis of electrocatalysts.
Interestingly, diverse phytochemicals in plant extracts,
including polyphenols, alkaloids, and flavonoids, serve as
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[lustration for synthesis of iron oxide NPs and their modification on GCE.

reducing agents for the synthesis of NPs with desirable
morphologies and surface functionalities.*

The main aim of the current research was to fabricate an
economically viable, efficient electrocatalyst with high OER
potential by achieving low overpotential comparable to noble
metals electrocatalysts with the aim of providing an enduring
solution for water splitting catalysis. In the present study, we
explored the synthesis of iron oxide, and their doped NPs
utilizing a Ocimum tenuiflorum (commonly known as Holy Basil
or Tulsi) leaf extract through a simple and greener approach to
evaluate their potential for OER. Diverse instrumental tech-
niques, including XRD, FTIR, SEM, UV-visible, and SWV, were
employed to systematically analyze the pristine and doped iron
oxide NPs. Electrochemical characteristics of pristine and
doped NPs were evaluated by pasting them on glassy carbon
electrodes (GCEs), and their OER performance was measured
using linear scan and cyclic voltammetry (Scheme 1). This work
underscores the potential of plant-mediated synthesis approach
of cost-effective and scalable metal-doped iron oxide nano-
catalysts for electrochemical and renewable energy benefits.

2. Experimental

2.1. Chemicals used

FeCl;-6H,O (Sigma-Aldrich, 98%), NaOH (Sigma-Aldrich, 98-
100%), CaCl,-2H,0 (Duksan, 97%), MgCl,-6H,O (Duksan,
98%), ZnSO,-7H,0 (Duksan, extra pure grade), and Co(No3),-
-6H,0 (Sigma-Aldrich, 98%) were utilized for the synthesis of
NPs. Deionized water was used to prepare all solutions. The
leaves of the Osmium tenuiflorum were taken from the local area
of Wah Cantt, Pakistan.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.2. Synthesis of iron oxide NPs

The leaf extract of Ocimum tenuiflorum was employed for green
synthesis of iron oxide NPs. Fresh leaves of the plant were
properly washed with water, dried, and then crushed. To
prepare a concentrated extract, 1 g of dried leaves was boiled in
100 mL of deionized water. The resulting extract was kept in the
refrigerator for future use.

For the synthesis of plant extract-based iron oxide NPs,
a 0.1 M solution of ferric chloride hexahydrate (FeCls-6H,0)
was prepared in deionized water. At room temperature, 10 mL
of plant extract was added drop by drop into 10 mL of the 0.1 M
FeCl; solution under alkaline conditions (pH = 11). The resul-
tant mixture was agitated for 30 min to obtain dark brown iron
oxide NPs which were washed thrice with deionized water, then
dried in an oven at 60 °C for 1.5 h and calcined at 500 °C for 2 h.
These iron oxide NPs are labelled as E-NPs in the forthcoming
sections.

The same procedure was followed to synthesize Mg, Ca, Zn,
and Co-doped iron oxide NPs, using 2% of the respective dopant
precursor relative to the amount of FeCl; used to prepare 0.1 M
FeCl; solution. The doped NPs synthesized using plant extract
are labelled as E-M-NPs where M = Mg, Ca, Zn, and Co, in the
forthcoming sections. Additionally, for comparison purposes,
iron oxide NPs were synthesized without using the plant extract,
following the above-mentioned procedure and are labeled as C-
NPs.

2.3. Physical characterizations

All synthesized electrocatalysts were characterized by employing
Fourier-transform infrared spectroscopy (FTIR), X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), and UV-visible
spectroscopy. A Bruker-D2 powder diffractometer having Cu Ko
radiation (with Ni filters) was used to test the crystalline quality,
phase purity, and interplanar spacing of synthesized materials,
with observations made in 26 range of 20 to 80° for XRD. The
morphology of synthesized samples was examined with scan-
ning electron microscopy (JSM-5910, JEOL). A double-beam UV-
visible spectrophotometer (T85+ pg Instruments) and an FTIR
(Shimadzu) were utilized to find functional groups present in
the synthesized materials. Quantitative phase analysis of the
XRD data was performed using the MAUD (Materials Analysis
Using Diffraction) software, (revision 2.99993, build 1147),
employing the Rietveld refinement method.

2.4. Electrode preparation

Modified glassy carbon electrodes (GCEs) were prepared by
drop-casting a slurry of nanoparticles mixed with ethanol and
liquid Nafion binder onto a pre-cleaned electrode surface. For
this purpose, the GCE was first polished using alumina slurry
(MasterPrep polishing suspension 0.05 pm), followed by rinsing
with deionized water. 2-3 pL of ethanol and 2-3 mg of
electrocatalysts were mixed with 2-3 drops of 0.5% Nafion
solution. A specific volume of about 5-6 pL of nanoparticles
slurry was subsequently drop-casted onto the GCE and
permitted to dry in an oven at 50 °C for 30 min. This modified

© 2026 The Author(s). Published by the Royal Society of Chemistry
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electrode was employed for electrochemical study using a three-
electrode configuration, deploying a platinum wire as counter
electrode and an Ag/AgCl electrode as a reference.

2.5. Electrochemical characterizations and OER studies

Numerous electrochemical techniques were used to investigate
the electrochemical characteristics of materials, including
cyclic voltammetry (CV), linear sweep voltammetry (LSV), and
square-wave voltammetry (SWV). Electrochemical measure-
ments were evaluated by a Gamry 3000 ZRA potentiostat/
galvanostat (USA) using a three-electrode configuration.

3. Results and discussion

3.1. X-ray diffraction

XRD analysis was conducted to explore structural and crystal-
line phases of studied NPs. The XRD analysis of C-NPs showed
prominent peaks at 33°, 35.7°, 40.93°, 49.38°, 54.1°, 62.45°, and
64.1°, as shown in Fig. 1. These peaks correspond well with
crystal structure of hematite (a-Fe,O3, JCPDS 01-073-2234 via
search match method), particularly the (311) reflection at 35.7°,
which is the most intense peak for this phase.?® On the other
hand, the XRD patterns of E-NPs and E-M-NPs show the pres-
ence of mixed phases of iron oxide consisting of primarily
magnetite (Fe;0,) and/or maghemite (y-Fe,O;) and small
amount of an oxidized phase goethite (a-FeOOH).>*?* 1t is
difficult to differentiate between the peaks of maghemite and
magnetite because most of their peaks occur at same 26 and
peak positions differ by very small amounts.> However, an exact
match with JCPDS card was not achievable due to mixed phases
(goethite, magnetite and maghemite) and doping. The small
amount of goethite is indicated by a small peak at 20.4° (110) in
all NPs synthesized using plant leaf extract.” The other peaks at
31.9° (220), 35.2° (311), 42° (400), 53.5° (422), and 57° (511)
corresponds to magnetite as shown in Fig. 1.>° Furthermore, the
intensity of magnetite peak deviates from a usual XRD pattern
where it should have high intensity. Such deviations are re-
ported in literature and are attributed to the certain morphol-
ogies of NPs (due to synthesis methods) which may depress the
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Fig.1 XRD analysis of iron-oxide NPs and their doped NPs.
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Table 1 The crystallite size, phase and d-spacing of NPs obtained through XRD analysis

Sr. no. NPs Crystallite size (nm) Phase fraction (wt%) d-spacing (nm)
1 E-NPs 19.33 Magnetite/maghemite = 98.38 + 2.566

0.00

2 E-Zn-NPs 14.05 Goethite = 1.62 + 26.90 2.549

3 E-Mg-NPs 16.84 2.549

4 E-Ca-NPs 16.92 2.549

5 E-Co-NPs 8.33 2.541

6 C-NPs 20.27 Hematite = 100 £ 0.00 2.516

intensity of certain peaks.”® In order to investigate the weight
percentages of each phase, quantitative phase analysis of E-NPs
and E-M NPs was performed using Rietveld refinement, yielding
98.38 £ 0.00 wt% and 1.62 £ 26.90 wt% magnetite/maghemite
and goethite, respectively. Because of the significant overlap of
diffraction peaks arising from the similar spinel structures of
magnetite and maghemite, their individual weight percentages
could not be resolved.

This phase variation in the NPs synthesized from two different
synthetic routes (with and without plant extract) is probably
because the plant extract-based synthesis of NPs is influenced by
the nature of the plant extract, which may lead to incomplete
reduction of iron precursors, slower nucleation, and phase trans-
formations favoring mixed phases.” Additionally, the capping by
organic compounds in plant extracts can further hinder the
formation of well-defined crystal structures. The E-M-NPs displayed
slight shifting of peaks to higher angles, probably due to the tensile
stress introduced because of interstitial doping of metals.”

The peak broadening in XRD can be used to determine the
crystallite size using Scherer formula. The crystallite size
provides the value of coherently diffracting domain size which
may contain many particles and can be different from the

Average particle size =0.099 i)

U

0.03 006 009 012
Particle size (pum)

Average particle size Z0.11 pm

/

particle size obtained through electron microscopy. A single
particle may consist of multiple crystallites which means the
particle size may be larger compared to the crystallite size
calculated from Scherer equation.”® On the other hand, the
particle size obtained from SEM (discussed in forthcoming
section) represents the physical and visually observable size of
the particles as seen in microscopic images. The average crys-
tallite sizes (D,g) of all synthesized NPs, listed in Table 1, were
evaluated via Scherrer equation (eqn (1)),>

kA

Daslnm) = oo s

&
Here, D, is average crystallite size, K is the shape factor (0.9),
is wavelength (0.154 nm), § is related to full-width half maxima
(FWHM), while 6 denotes peak position. The crystallite size of C-
NPs was determined to be 20.27 nm, while for E-NPs, it was
found to be in the range of 19.33 nm.'"*®* Among all NPs, E-Co-
NPs exhibited the smallest crystallite size leading to significant
variation in electrochemical properties relative to all other
studied NPs. The d-spacing calculated from the 26 peaks of
35.2° and 33° for extract-based NPs and C-NPs respectively, are
also presented in Table 1.
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Fig. 2 SEM analysis of (a) E-NPs, (b) C-NPs, (c) E-Co-NPs, (d) E-Zn-NPs, (e) E-Mg-NPs, and (f) E-Ca-NPs.
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3.2. SEM analysis

The SEM analysis of all synthesized NPs was executed to
investigate their surface morphological characteristics. Fig. 2(a)
shows the SEM image of E-NPs having agglomerated structure
which generally leads to less easily available active sites;
considerably decreasing the catalytic activity. However, C-NPs in
Fig. 2(b), are composed of clusters of NPs that are uniformly
dispersed. Fig. 2(c) depicts E-Co-NPs with a rough surface,
indicating more adsorption of intermediates like OH* and
OOH* during OER. In Fig. 2(d), E-Zn-NPs exhibit granular
particles on a compact, porous sheet-like structure. Whereas, in
E-Mg-NPs (Fig. 2(e)), morphology changes into a more open and
irregular porous structure with Mg-doping, which improves
charge transport and ions accessibility. In Fig. 2(f), E-Ca-NPs
show a combination of smaller and larger particles that are
not homogeneous in nature; and this inhomogeneity might
lead towards lower catalytic efficiency. Particle size calculation
of all synthesized NPs was done by taking twenty selected
particles from each image and plotting particle size versus
frequency as demonstrated in Fig. 2(a-f). The particle size
appeared to be 0.09, 0.11, 0.01, 0.021, 0.042, and 0.051 pm for E-
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respectively. The particle size obtained through SEM analysis is
based on the image of the entire particle including agglomer-
ates as it appear under the microscopy therefore it can be
different from the crystallite size obtained through XRD.*® As
seen in the SEM micrographs, the agglomeration has resulted in
larger particle size estimation compared to the crystallite size
calculated from XRD analysis. Moreover, the highest particle
size of C-NPs is consistent with the visual inspection of SEM
micrographs where greater agglomeration can be seen.

The EDX analysis of all prepared NPs was done to confirm
the doping of iron oxide NPs with Ca, Co, Zn, and Mg. The EDX
spectra are shown in Fig. 3 along with the wt percentages of
elements in the inset. EDX analysis confirmed the successful
incorporation of dopant elements in iron oxide NPs. Impor-
tantly, the wt percentages of dopants obtained from EDX anal-
ysis often differ because all of the dopant amounts may not be
incorporated in the crystal lattice due to difference in elemental
size, limited solubility and segregation at the defects or surfaces
leading to over or under estimation in EDX.> Moreover Cl™ ions
can also compete with dopants or interfere in the doping
process due to the use of metal chloride precursors (FeCls,
MgCl,, CaCl,) during the NPs synthesis.>

NPs, C-NPs, E-Co-NPs, E-Zn-NPs, E-Mg-NPs, E-Ca-NPs,
| F Spectrum 3 | 28 Spectrum 1
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Fig. 3 EDX analysis; (a) E-NPs (b) C-NPs (c)E-Ca-NPs (d) E-Co-NPs (e) E-Zn-NPs (f) E-Mg-NPs.
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3.3. Electronic absorption spectroscopy

The synthesized NPs were initially subjected to optical charac-
terization using electronic absorption spectroscopy. The E-NPs
exhibited two broad absorption peaks centered on 420 nm
and 540 nm (ref. 30,31) (Fig. 4(a)).

The first peak at 420 nm is attributed to charge transfer
transitions of Fe®" ions. The second peak at 540 nm also
appeared in C-NPs, suggesting that it is an intrinsic optical
feature of the nanoparticles, possibly arising from Fe-O-Fe
transitions or d-d transitions of Fe** ions.* The effect of 2% (w/
w) dopant on the position of these peaks was further investi-
gated. All doped samples depicted a blue shift by approximately
20 nm in the first peak compared to E-NPs while the peak at
540 nm remained unaffected in all NPs. Importantly, E-Co-NPs
showed the most noticeable blue shift of all the doped NPs, with
the first peak at 384 nm.

Direct and indirect Tauc plots (Fig. 4(b and c)) were deployed
to calculate band gap of the all investigated NPs utilizing their
electronic absorption spectra. Table 1 shows the band gap values
that were determined from the Tauc plots. The band gap values
(Table 2) were found to be ~2 eV with slight variation in the
synthesised NPs,*® except for Co-doped NPs exhibiting a modest
decrease in band gap. Importantly, band gap of C-NPs was rela-
tively higher to than that of E-NPs indicating that the plant
extract-based synthesis method results in NPs with relatively
lower band gap compared to the chemically synthesized ones.

3.4. Fourier transform infrared spectroscopy

FTIR spectra of iron oxide pristine and doped NPs synthesized
by chemical and plant-extract routes were obtained to confirm
the presence of specific functional groups. A broad and strong
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Fig. 4 (a) Electronic absorption spectra of all synthesized NPs (b)
direct Tauc plot; (c) indirect Tauc plot for all NPs samples.
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Table 2 Band gap of synthesized NPs calculated using direct and
indirect Tauc plots

Direct band Indirect band
Sr. no. NPs gap (eV) gap (eV)
01 E-NPs 1.97 2.24
02 E-Zn-NPs 2.07 2.34
03 E-Mg-NPs 2.03 2.16
04 E-Ca-NPs 2.06 2.28
05 E-Co-NPs 1.98 2.00
06 C-NPs 2.01 2.03

transmittance peak observed at 559 cm ! is attributed to Fe-O
stretching,”® which confirmed the successful formation of iron
oxide NPs. This peak typically appears in the range of 500-
600 cm ™" for magnetite (Fe;0,), as well as maghemite (y-Fe,O;)
and is a signature of the metal-oxygen lattice vibrations in the
spinel structure, as shown in Fig. 5. Its presence indicates that
iron-oxide has been formed successfully via both routes, though
crystallinity and exact phase may differ. The small peak at
857 cm ' may corresponds to C-H out-of-plane bending vibra-
tions or possibly Fe-OH bending, especially in cases where
surface hydroxyl groups are present due to interaction with
water or plant extract components.** A broad band at 1566 cm !
is ascribed towards asymmetric stretching of carboxylate groups
(COO™) or C=C stretching vibrations of aromatic rings.>* A
peak observed around 2320 cm ™ is ascribed towards CO, that
comes through atmosphere during synthesis.** In plant extract-
based synthesis, this broad peak is prominent likely due to the
presence of bio-organic compounds such as flavonoids,
phenolic acids, or polyphenols that act as reducing and stabi-
lizing agents.*® These molecules contain functional groups like
carboxylic acids and aromatic structures that bind to the NPs
surfaces, preventing agglomeration and stabilizing the colloid.
A broad hump present at 3476 cm ' is associated with O-H
stretching.”® In plant extract-based NPs, this peak is broader
and more intense due to hydrogen bonding between water
molecules and plant-derived compounds containing hydroxyl
groups. This band may also indicate the presence of phenolic -
OH groups from plant extract.”®

—— C-NPs—— E-Mg-NPs
——E-Ca-NPs E-Zn-NPs

368 _VW———‘—\J
276 _\\N\\M

184 W
92 W

660 1320 1980 3300

E-Co-NPs

460 - E-NPs

Intensity (a. u)

26I40
Wavenumber (cm™)
Fig. 5 FTIR analysis of the synthesized NPs.
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3.5. Electrochemical analysis

Square wave voltammetry (SWV) is also used to electrochemically
characterize the synthesized NPs. SWV was used to probe the
redox behavior, oxidation state transitions and purity of NPs. The
appearance of well-defined oxidation peaks associated with Fe(ur)
species confirms the successful formation of electrochemically
active iron oxide phases, supporting the structural and compo-
sitional analysis obtained from XRD and other characterization
techniques (Fig. 6). SWV of modified GCEs was performed in 1 M
KOH solution having a potential window of —1.5 to 0.0 V. The
electrochemical response of all electrodes is shown in Fig. 6. Two
peaks at —0.9 V and —0.3 V were present in SWV of all synthe-
sized NPs, indicating the reduction of Fe(ur). The appearance of
forward and reverse peaks in SWV indicated a quasi-reversible
nature of the electrochemical process for all synthesized NPs.
For reference, the I, I, and I, of the E-Zn-NPs modified GCE is
shown in the inset of Fig. 6, confirming quasi-reversible reaction.

According to literature, the peak at a less negative potential
corresponds to the reduction of fresh Fe(um) ions, while the
second peak at a more negative potential shows the reduction of
“aged” Fe(m).*® Aged Fe(m) is formed with time when Fe(u)
aggregates, polymerizes, or restructures on the surface of the
electrode. Moreover, C-NPs exhibited a higher peak current for
the first cathodic peak compared to other synthesized NPs
which indicate improved charge transfer or lower resistance at
the modified GCE surface.?” In addition, E-Zn-NPs modified
GCE exhibited higher peak currents among the doped systems,
along with a little shift towards lower potential, indicating
enhanced charge transfer kinetics with better performance. The
observed enhancement might be attributed to improved
conductivity and a modified electronic structure due to the
incorporation of Zn.*®

3.6. OER studies

To investigate the onset potential (Eopse¢) for OER of synthesized
NPs, electrochemical analysis was conducted using LSV to find
as shown in Fig. 7(a). E-Co-NPs modified GCE had a much lower
onset potential (0.937 V) than E-NPs (1.01 V) and C-NPs modi-
fied GCEs (1.03 V), indicating their excellent electrocatalytic
potentials. The lower onset potential and higher current indi-
cate more efficient oxygen evolution when using E-Co-NPs
modified GCE. This fact can be attributed to extended surface
roughness as depicted through SEM analysis (Fig. 2(c)). Fig. 7(b)
shows CV cycles for E-Zn-NPs at GCE that were obtained
through various scan rates in the range of 10 to 100 mV s~ to
get insights about electrode activity. The current density
increases as the potential increases, which indicates better
catalytic activity for water splitting. However, for effective water-
splitting applications, these cycles need to be stable and
reproducible, which means they need to last a long time while
running continuously.

Effect of scan rate on current was also studied using LSV for
all modified GCEs. Fig. 8(a) shows the effect of scan rate for E-
Ca-NPs modified GCE where the current steadily increased by
increasing the scan rate. As higher scan rates show efficient
potential cycling at electrode surface; that ultimately results in
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Fig.6 SWV of modified GCEsin 1 M KOH at 5 mV s™. The inset shows
the I, I, and I; of the E-Zn-NPs modified GCE.

a better activity of the OER. The comparison of all electrodes
shows a higher oxidation current of E-Co-NP modified GCE,
demonstrating its better electrochemical activity at all scan
rates (Fig. 8(b)). SEM analysis also supports the best electro-
chemical activity of E-Co-NPs by showing the smallest particle
size, as depicted in Fig. 2(c). Smaller sized particles can lead to
enhanced ECSA owing to more active sites; which essentially
increase the electrochemical activity of the material. This is
because more binding sites will be available for reaction inter-
mediates (hydroxyl, oxo, and peroxo intermediates) formed
during water oxidation.** The ECSA of all synthesized NPs was
calculated through cyclic voltammetry (CV), as discussed in the

5
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< 47 ——E-NPs
é 34 e E-Co-NPs
T
@ 2 Egpser=1034(V) (NHE1.23V)
5 Eonset = 1:01 (V) (NHE 1.21V)
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c
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5 Scan Direction
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Potential (V) vs. Ag/AgCI (3M KCI)
Fig. 7 (a) CVs of C-NPs, E-NPs, and E-Co-NPs modified GCEs at

100 mV s7* (b) CV of E-Zn-NPs modified GCE at varying scan rate of
10-100 mV' s
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Fig. 8 (a) LSV of E-Ca-NPs modified GCE in 1 M KOH at varying scan rates of 10-100 mV s (b) current vs. scan rate of all modified GCE

measured using LSV.

forthcoming explanation, and confirmed the highest ECSA for
E-Co-NPs, complementing LSV and SEM analysis.

OER was also studied through CV of all modified electrodes
at different scan rates. CVs of E-Mg-NPs modified GCE at varied
scan rates of 40-100 mV s~ are shown in Fig. 9(a). From the
results, it is evident that as the scan rate increases, the current
response also increases linearly, similar to LSV. In Fig. 9(b),
linear correlation among current and scan rate reveals the
diffusion-controlled behaviour of the E-Mg-NPs at GCE, which
correlates with adsorption efficiency of intermediates like OH™
or OOH that adhered to surface of electrode during the
electrochemical reaction. The R* value of 0.99 further confirms
the linearity of the Mg-doped NPs, that is a basic requirement
for attaining the stability in OER. The CVs in the faradaic region

(1.10-1.60 V) shows that electrochemical oxidation of water
proceeds in this potential window. This potential range plays
a significant role in electrochemical activity for water splitting;
via providing higher current density with increased effective-
ness of materials. The non-faradic area (0.60-1.0 V) is the region
where preliminary no reaction takes place, and the current
attained by the material is also negligible. The non-faradaic
region can be employed to determine Cg4. CV data was
utilized to calculate ECSA through eqn (2).*

ECSA = Ca

: @

where Cj is the specific capacitance of the material whose values
has been established for various metal electrodes in acidic and

3.0 ; 30
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The inset shows the comparative CV profiles of all electrocatalysts at 100 mV s
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Table 3 The values of Eqnset, ESCA, and current function slopes were obtained through LSV and CV of NPs

Sr. no. NPs Eonset 5. Ag/AgCI (v) ECSA (cm?)
1 E-NPs 1.011 0.04
2 E-Zn-NPs 0.960 0.60
3 E-Co-NPs 0.937 0.70
4 E-Ca-NPs 0.921 0.14
5 E-Mg-NPs 0.952 0.45
6 C-NPs 1.034 0.03

alkaline environments. The reported ranges of Cs in acidic
medium may be from 0.015 to 0.110 mF cm > while in basic
medium Cg may vary from 0.022 to 0.130 mF cm~>. The value of
0.04 mF cm ™ for specific capacitance (Cj) is widely accepted as
standard average value for metal oxides and hydroxides in
alkaline medium.*** It is important to note that Cy is not
a universal constant and is strongly influenced by surface
morphology, roughness, composition, porosity, crystallinity,
and surface chemistry of the electrode material. Therefore,
ECSA estimation based on double-layer capacitance (using an
average Cs value), represents a limitation to determine the
absolute ECSA values. However, this approach can be employed
when direct experimental determination of Cy is not feasible,
and it remains valid for relative comparison of ECSA among
samples measured under identical experimental conditions.
Importantly, all catalysts in this study were evaluated using the
same assumed Cs value; therefore, the observed ECSA trends
and performance comparisons remain internally consistent and
meaningful.

The highest ECSA was found to be for E-Co-NPs aligning with
the results of SEM and LSV. The enhanced electrochemical
surface area of E-Co-NPs at GCE indicates a considerably more

electrochemically accessible active sites, which improves the
surface charge transfer, increases electrolyte accessibility, and
promotes effective reactant adsorption. The increased surface
roughness in the E-Co-NPs likely facilitates this significant
increase in electrochemical surface area reflecting an improved
electrocatalytic performance of E-Co-NPs. The calculated values
of ECSA for all synthesised electrocatalysts are displayed in
Fig. 9(c), along with an inset that indicates the comparative CV
profiles of all electrocatalysts at 100 mV s~ . The inset of Fig. 9(c)
clearly shows that E-Co-NPs-GCE exhibits higher current
response, in comparison to all other synthesized electrocatalysts.

Table 3 shows the values of E, .. and ECSA for all electrodes
obtained through LSV and CV, respectively. All extract-based NPs
(ENPs and E-M-NPs) have lower E,,. and higher ESCA
compared to C-NPs. This is also supported by XRD analysis which
confirmed the less crystallinity in E-NPs/E-M-NPs compared to C-
NPs. The better performance of the former indicates that plant
extract-based synthesis approach of electrocatalysts has signifi-
cantly contributed to the high potential for OER.

Fig. 10(a) depicts the plot of current vs. »*? which was
employed to determine the diffusion coefficient (D) of species at
modified GCEs according to Randles-Sevcik equation (eqn (3)).**

—a—E-NPs —e—E-Zn-NPs @ E-NPs ¢ E-Zn-NPs
3091 (@ i ECoNPs —v—E-Ca-NPs 1200 (b) % E-Co-NPs v E-Ca-NPs
—4— E-Mg-NPs —<«— C-NPs /‘/ = E-Mg-NPs * C-NPs
2.5 - s *
T L T 1180 -
= A £ 116 mVdec™ 5
£ // —e| = 410 mVdec
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3 3 1140
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Fig. 10 (a) The plots of / vs. »'2 for all modified electrodes (b) plot of overpotential (1) vs. log j for all modified electrodes (c) chronopotentiometry

curve on surface of E-Co-NPs at 10 mA cm™2 for 5 h.

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2026, 16, 8441-8452 | 8449


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09374k

Open Access Article. Published on 12 February 2026. Downloaded on 6/22/2026 6:39:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 4 Kinetic parameters for OER at the electrode surfaces
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Sr. no. Samples o D (10 °em?s ™) mp (1072 cm s ™) TOF (s ) Tafel slope (mV dec ")
1 E-NPs 0.072 0.18 0.06 0.25 332
2 E-Zn-NPs 0.071 1.23 1.56 0.35 84
3 E-Co-NPs 0.071 8.55 4.20 0.38 58
4 E-Ca-NPs 0.074 0.24 0.70 0.21 116
5 E-Mg-NPs 0.073 0.41 0.09 0.24 104
6 C-NPs 0.071 0.14 0.05 0.08 410

I1=299 x 10° ny/(1 — a)n,ACVD\/v 3)

where D denotes diffusion coefficient, n denotes number of
electrons engaged in OER, « denotes transfer coefficient, A is
considered as the glassy carbon electrode's area (0.07 cm?), C
denotes concentration of electrolyte, and » is the scan rate
inmvs.

Value of « is between 0.1 and 0.7 and can be attained from
eqn (4).

E — Ey;; =[0.048/(an,)] (4
where E is potential at which the current is measured and E,, is
peak potential at I;,.

The values of the transfer coefficient predict the nature of
reaction; if a < 0.5 the forward reaction is favored, if « > 0.5 the
reaction is favored in the reverse direction. The mass transport
coefficient (my) is also obtained using eqn (5).”

my = [DI(RTIFv)]"? (5)

The diffusion coefficient for E-Co-NPs modified GCE was
found to be much higher compared to other electrodes. Hence,
E-Co-NPs at GC electrode ameliorated the OER more effectively,
as compared to other electrodes. The interaction of E-Co-NPs-
GCE improved the electronic coupling and optimum energies

of adsorption for reactive intermediates, which is crucial to an
efficient OER.*® The comparison of the plot of current vs. square
root of scan rate for all electrodes is shown in Fig. 10(a) where
the E-Co-NPs exhibited the best linear relationship with R* value
of 0.99843 indicating a diffusion-controlled process.

Another important kinetic parameter that is generally used
to evaluate activity of an electrocatalyst is turnover frequency
(TOF). It tells about the intrinsic activity of electrocatalyst.

TOF =j x AlAx F x n (6)
Variables F, j, n, and A represent the Faraday constant, current
density, moles of active catalyst, and electrode area, respec-
tively,”” enlisted in Table 4. E-Co-NPs modified GCE has
attained significantly higher TOF as compared to other
synthesized electrocatalysts, which validates the enhancement
in its catalytic efficiency for OER. This enhancement was
ascribed to the presence of Co*"/Co®" into the lattice of iron
oxide which facilitates charge transfer capability, electronic
conductivity, and modification in d-band center close to Fermi-
leve].*®*°

The Tafel slopes were calculated from the plot of over-
potential vs. log i to analyze the kinetics of catalytic activity for
OER and electrocatalyst-support systems via eqn (7) and is
shown in Fig. 10(b).

Table 5 Comparison of the performance metrics of different electrode materials for OER

Electrocatalyst Synthesis mode Medium Tafel slope (mV dec™")  TOF Stability (h)  Ref.

RuO, (benchmark) Chemically synthesized 1.0 MKOH  40-60 — Poor 42

IrO, (benchmark) 1.0 MKOH 50-70 — Good 42
a-Fe,0; nanorings Hydrothermal 1M HCI 138 2.3 — 54
a-Fe,0; (hematite) Hydrothermal 1 M KOH 98 0.005 08 55

Co-Fe NPs Green synthesized (Seidlitzia rosmarinus) 1 M KOH 63 — — 56
Co030,/a-Fe,04 Co-precipitation 0.1 M KOH 62 — — 50
Co:a-Fe,03/v-Fe,03 ZIF-etching 1 M KOH 57 — 16 52
Co05;0,4-Fe,03 Ball milling process 1M KOH 144 — 100 49
Co;Te,~Fe;C Hydrothermal 1 M KOH 68 — 60 57
Zn/Fe-Co30, — 1.0 M KOH 54 — 120 58
ZnFeCo LDH In situ growth 1 M KOH 59 — 28 59
MgFe,0, Sol-gel 1 M KOH 317 — Good 60
Mg-Fe,0, (HESF) Sol-gel 01MKOH 97 — — 61

E-NPs Green synthesized 1 M KOH 332 0.25 — This work
E-Zn-NPs >do< >do< 84 0.35 — This work
E-Co-NPs >do< >do< 58 0.38 05 This work
E-Ca-NPs >do< >do< 116 0.21 — This work
E-Mg-NPs >do< >do< 104 0.24 — This work
C-NPs Co-precipitation >do< 410 0.08 — This work
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RT
—a+2303""log; 7
n=a+ onF 08/ 7

where, 7 (mV) is over potential value calculated from potential
value (E) of each sample, a is the intercept relative to the
exchange current density (j;), and j (mA cm s ') is current
density, calculated according to geometrical area of electrode.

The Tafel slopes listed in Table 4 present the lowest Tafel
slope for E-Co-NPs and highest for C-NPs which further support
the higher OER activity of cobalt containing electrocatalysts via
greater interaction of CoOOH with hydroxyl ions (OH ™) which is
produced during oxygen evolution reaction.*®

The long-term stability test on surface of best performer (E-
Co-NPs) was studied via chronopotentiometry (CP) at current
density of 10 mA cm > in 1 M KOH for 5 h (18 000 seconds). As
depicted from Fig. 10(c), modified electrode based on E-Co-NPs
exhibited stability with minimal fluctuation of potential
throughout the period.

From Fig. 10(c), a gradual potential decay from 1.59 Vto 1.51V
is observed within the first 1000 seconds which is a common
reported behavior for transition metal oxide based OER electro-
catalysts and is generally attributed to in situ surface recon-
struction, electrochemical activation processes, and the
formation of catalytically active hydroxide/oxyhydroxide
species.*®*"** After the initial surface activation, gradual stabili-
zation occurred with minimum potential drift. The potentials
reached at 1.42 V after 5 h with total potential decay of AE =
170 mV for 5 h (0.567 mV min"). This behavior is dissimilar to
RuO, which shows substantial activity degradation in basic
medium.* No sudden failure or spikes were observed in potential
throughout the measurement, confirming the excellent stability
of electrocatalyst. The comparative study of all synthesized
electrocatalysts with the reported electrocatalysts including
standard benchmark ruthenium and iridium compounds
employed for OER is given in Table 5. Green synthesized NPs
present the comparable Tafel slopes in alkaline medium with E-
Co-NPs attaining benchmark values (40-110 mV dec ™).

4. Conclusion

The pursuit of a clean energy alternative to conventional fossil
fuels in an environmentally friendly manner drives greater
interest in hydrogen fuel. This study demonstrated the
successful fabrication of pristine and doped iron oxide NPs
using the leaf extract of Ocimum tenuiflorum. Zinc, magnesium,
calcium, and cobalt were used as dopants. Diverse instrumental
techniques including XRD, SEM, FTIR, and UV-visible spec-
troscopy for employed for characterization of NPs. SWV analysis
verified the reversible nature of electrochemical reduction of all
synthesized NPs where E-Zn-NPs depicted the best current
response as compared to other doped electrocatalysts. OER
studies revealed that E-Co-NPs modified GCE exhibited higher
catalytic properties owing to high diffusion coefficients, mass
transfer properties, greater ECSA, and lowest onset potential
compared to pristine and other doped NPs. The turnover
frequency (TOF) of these materials further confirmed their high
electrochemical activity towards OER. The study showed that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a plant extract-based synthesis approach produced more effec-
tive NPs with excellent OER potentials relative to chemically
synthesized NPs.
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