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Emphasizing a breakthrough in material synergy and synthesis strategies, this work provides a new catalyst
design for high-efficiency electrolytic water splitting. The novelty is in the development of a hierarchical
Fe/Cu@silica-CNT composite, whereby exact anchoring of Fe**/Cu?* ions is enabled by silica
functionalization with N-(3-(trimethoxysyl)propyllethylenediamine, consequently guaranteeing atomic-level
metal distribution and preventing nanoparticle aggregation. A significant improvement over conventional
deposition techniques resulted from subsequent chemical reduction, producing ultra-small, stable Fe/Cu
nanoparticles (5 nm) directly grafted onto silica. The use of multi-walled carbon nanotubes (CNTs)
generated a three-dimensional conductive network, which simultaneously optimized charge transfer and
achieved nanoparticle dispersion. Extensive characterization (FE-SEM, EDX, XPS, and BET) confirmed that
the high-density active sites at Fe/Cu-SiO, interfaces, coupled with CNT-induced electron delocalization,
validate the uniqueness of the architecture. Under acidic conditions, electrochemical testing revealed
remarkable hydrogen evolution reaction (HER) performance with a record-low Tafel slope of 34 mV dec!

and an overpotential reduction of 120 mV against bare CNTs. Fe—Cu electronic interactions and CNT-

Received 26th May 2025 ) . ) . .
Accepted 8th August 2025 mediated mass transport resulted in a 4.3-fold increase in exchange current density that the catalyst

achieved relative to its monometallic counterparts. This work presents a transforming solution for scalable
DOI: 10.1039/d5ra03709c green hydrogen generation using a creative dual-engineering approach, molecular-scale metal anchoring,

rsc.li/rsc-advances and a nano-architecture conductive support, thus solving major obstacles in catalyst durability and activity.
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1. Introduction

The global transition to sustainable energy systems has inten-
sified the search for clean, efficient, and scalable methods for
producing hydrogen (H,), a carbon-neutral energy carrier that
has the potential to decarbonize power generation, trans-
portation, and industry. Among the various methods for
producing H,, water splitting, either by electrochemical,
photochemical, or thermochemical processes, stands out as
a key technology. Water is the most abundant resource on
Earth. Advanced catalysts are required to lower the energy
barriers and increase the reaction rates of water splitting
because the efficiency and cost of water splitting are still con-
strained by the slow kinetics of the HER and oxygen evolution
reaction (OER)." Even though noble metals such as platinum are
still the gold standard for HER catalysis, their high cost and
limited availability have sparked research on earth-abundant
alternatives. Copper has emerged as a potential HER cata-
lyzing agent due to its unique electronic properties, affordable
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price, and versatility in creating active nanostructures. Accord-
ing to recent research, a film of Cu(0)-based nanoparticles that
is produced by in situ electrochemical reduction of Cu(u) ions on
modified silica demonstrates remarkable activity and durability
as a catalyst for the HER in acidic solutions.> Copper-based
materials, including nanoparticles, oxides, and sulfide
compounds, are currently being explored as catalysts for high-
efficiency electrolysis (HER) technology. These catalysts are
effective in both acidic and alkaline environments. This versa-
tility means that the same catalyst material can be used in
different types of electrolytic cells, which may operate under
varying acidity conditions. Nanostructured Cu,O/Cu hetero-
junctions have demonstrated, for example, a low overpotential
of 120 mV at 10 mA cm > and improved charge transfer effi-
ciency in alkaline electrolytes.®* Moreover, enhancing copper's
catalytic conductivity and durability increases its capacity to
coordinate with carbon matrices or transition metal di-
chalcogenides, such as MoS,.** These developments have hel-
ped copper to become a scalable and controllable material for
large-scale hydrogen-producing systems.

Because of its low cost, environmental friendliness, and high
theoretical activity, iron, the most plentiful transition metal in
Earth's crust, offers unmatched benefits to produce sustainable
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hydrogen. Under ideal conditions, recent developments in iron-
based catalysts, carbides, Fe;O, nanoparticles, and Fe-N-C
coordination complexes show remarkable HER performance on
a par with noble metals. Fe single-atom catalysts incorporated
into nitrogen-doped graphenes achieved an overpotential of
88 mV at 10 mA cm™ > under acidic conditions using favorable
adsorption energetics of hydrogen intermediates.®” Fe,O; pho-
toanodes increase charge separation in photoelectrochemical
systems, enabling solar-driven water splitting and increasing the
adaptability of iron. Given that there are still issues reducing
iron's sensitivity to oxidative deterioration and dissolution in
watery environments, protective coatings or alloying with metals
resistant to corrosion is consequently essential.**° Iron integra-
tion into hybrid systems such as Fe-Co phosphides or FeNi
layered double hydroxides has improved catalytic stability and
bifunctionality for general water splitting."* Recent findings have
shown that hierarchical Fe;C@C nanostructures, which
comprise iron carbide nanoparticles uniformly encapsulated
within graphitic carbon shells, demonstrate remarkable
electrocatalytic performance with 95% faradaic efficiency for the
HER." Iron-based catalysts will most probably become more
important as studies on reaching affordable and ecologically
friendly hydrogen economies develop.

In this work, the reason for the combined Fe and Cu is that
the Fe and Cu's electronic and geometric interactions improve
hydrogen adsorption and desorption, modify the d-band struc-
ture, and distribute surface charge. Furthermore, these interac-
tions facilitate the formation of Fe/Cu heterojunctions, creating
unique interfacial sites that serve as active centers for the HER.
Effective means to increase catalyst dispersion and HER perfor-
mance are Fe/Cu nanoparticles supported on coordinated-
amine-silica. The coordinated amine groups function as elec-
tronic mediators; the silica support offers nanoparticles a steady
anchoring matrix. This system solves major difficulties in HER
catalysis, including low conductivity, limited active site exposure,
and nanoparticle aggregation. Carbon nanotubes (CNTs) are also
essential due to their ability to enhance electrical conductivity,
facilitate electron transport, and enable rapid charge transfer
during the HER. Combining Fe/Cu nanoparticles with CNTs and
amine-functionalized silica generates a hierarchical catalyst
system with many applications. Fe and Cu combined produce
a single hybrid catalyst using their “dual functionality”. While Fe
drives water dissociation to create a cooperative mechanism
increasing the HER activity, Cu helps in hydrogen adsorption. By
the deliberate mixing of Cu and Fe inside the coordinated-amine-
silica matrix, a very strong and long-lasting catalyst system is
generated in tandem with CNTs. Faster charge transfer, reduced
overpotentials, and increased hydrogen production rates follow
from this hybrid interface developed by this metal combination
optimizing the electronic structure.

2. Experimental
2.1 Materials and preparations

All chemicals were used as received, without additional purifi-
cation. Methanol and toluene were sourced from Prolabo
(Europe). Sulfuric acid (98%), potassium hydroxide (99.5%),
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multi-walled carbon nanotubes, copper sulfate pentahydrate,
iron(u) chloride tetrahydrate, and iron(m) chloride hexahydrate
were obtained from Sigma-Aldrich (USA). N-(3-(Trimethoxysilyl)
propyl)ethylenediamine and silica gel were purchased from
ACROS Organics (USA).

2.2 Characterization

The spectra of the prepared samples were recorded using an
ATR-FT-IR spectrometer (Vertex 70, Bruker, Germany) in the
range of 500-4000 cm ' with 64 scans and a resolution of
4 cm™'. Thermogravimetric analysis (TGA) was performed to
assess the catalyst's properties and degradation behavior using
a STD-Q 600 instrument (USA) in a helium atmosphere at
a heating rate of 10 °C min~* from 25 to 800 °C. The BET
(Brunauer-Emmett-Teller) surface area and pore volume were
measured using an ASAP2020 system with high-purity nitrogen.
The structure, morphology, and degree of distribution of
nanoparticles were determined using a scanning electron
microscope (SEM), JEOL JSM-7800F and Transmission electron
microscope (TEM), JEOL JEM-2100F, operating at 200 kV. Point
and mapping analyses were performed by energy-dispersive X-
ray spectroscopy (EDS) using an Oxford Instruments X-Max
detector. The composition of the catalyst and electronic states
were analyzed using a JPS-9200 X-ray photoelectron spectrom-
eter, with Al Ka radiation (hv = 1486.6 eV). Inductively coupled
plasma (ICP-OES) measurements were conducted using
a “Horiba” model “Ultima-Expert LT” (France).

2.3 Modification

The surface functionalization of silica was achieved using
ethylenediamine silane coupling agent N-[3-(trimethoxysilyl)
propyllethylenediamine. The reaction was conducted in
a 250 mL round-bottom flask equipped with a condenser. To
this, 150 mL of dry toluene was added with 5.0 g of silica, and the
mixture was stirred under a nitrogen atmosphere. The temper-
ature gradually increased to 70 °C, where it was maintained.
Once stable at 70 °C, 3 mL of the functionalizing agent was slowly
added to the reaction. The temperature was then increased to
80 °C, and the reaction was allowed to proceed for 7 hours with
continuous stirring. Afterward, the reaction mixture was cooled
to room temperature. The modified silica particles were sepa-
rated by centrifugation, thoroughly rinsed with toluene and
methanol, and then dried overnight at 50 °C under vacuum. The
amine-functionalized silica was labelled “Amine@silica”.

For the incorporation of Fe and Cu ions onto modified silica,
0.5 g of the functionalized silica was transferred to a 10 mL
screw-top vial. To this, 4 mL of Fe(ur) solution and 4 mL of 1.0 M
Cu(SO,)-5H,0 solution were added simultaneously. The
mixture was shaken for 4 hours. Afterwards, the suspension was
centrifuged to remove any unreacted material, and the product
was rinsed five times with deionized water. Finally, the modified
silica was vacuum-dried at 60 °C before characterization.

2.4 Electrochemical instrumentation and cell setup

Electrochemical measurements including voltammetry and
chronoamperometry were conducted using a PGSTAT302N
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galvanostat/potentiostat (Metrohm, Switzerland) equipped with
a FRA32M module. A three-electrode configuration was
employed, where an Ag/AgCl reference electrode (3.0 mol per L
KCl; the drift in potential was £2 mV) was used, a glassy carbon
electrode (GC) (diameter: 3.0 mm) served as the working elec-
trode, and a platinum wire (length: 10 cm; diameter: 2.0 mm)
acted as the auxiliary electrode. Linear sweep voltammetry (LSV)
measurements were recorded within the potential range of
—0.2 V to —1.1 V vs. the reversible hydrogen electrode (RHE) at
a scan rate of 5 mV s~ . Tafel plots were generated at a scan rate
of 1 mV s~*. Chronoamperometry experiments were conducted
by applying a constant potential corresponding to the onset
potential of the HER on the catalyst surface for around 2 hours.

2.5 Electrode preparation

A catalyst ink was prepared by physically mixing 1.0 mg of solid
catalyst (Fe(u)@silica, Fe(u)/Cu(u)@silica, or Fe(ur)/Cu(m)
@silica) with 1.0 mL of DMF. To this mixture, 0.5 mg of carbon
nanotubes (CNTs) were added, and the resulting blend was
sonicated for one hour to ensure uniform distribution of all
components. The glassy carbon (GC) electrode surface was then
prepared by mechanical polishing with progressively finer
grades of polishing paper. Following this, the electrode was
cleaned to remove any grease or adsorbed particles using
a combination of solvents and sonication in distilled water. The
cleaned electrode was then placed in an oven at 60 °C for 10
minutes to dry. The final amount of catalyst deposited on the
surface was 10 x 10 ® g. The influence of both the solid silica
catalyst quantity and the type of carbon material was examined
to determine the optimal catalyst-to-carbon material ratio.

3. Results and discussion
3.1 Characterization of the synthesized nanoparticles

Fig. 1 shows the schematic representation of the primary steps
in the synthesis of iron (Fe) and copper (Cu)-coronated silica
nanoparticles. The process commenced with the functionali-
zation of silica particles using a silane coupling agent, which
introduced amine groups to the silica surface. In the final stage,
iron-copper nanoparticles were immobilized onto these amine-
functionalized silica particles, resulting in the formation of
a stable solid composite material.

Fig. 2 displays the optical image that highlights the distinct
colour changes observed throughout the different stages of
synthesis. The image shows the visual differences between amine-
functionalized silica particles bound to Fe(m), amine-functionalized
silica coupled with Fe(u)/Cu(u), and amine-functionalized silica
containing both Fe(m) and Cu(u), reflecting the variations in
composition and oxidation states during the process.

3.2 SEM, TEM and EDS

Fig. 3(a-c) show the morphological and structural analyses of
the Fe(m)/Cu()@silica nanocomposite. The low-magnification
SEM image (a) displays a smooth silica surface, while the
higher magnification image (b) reveals dispersed Fe and Cu
nanoparticles without noticeable agglomeration. The high-
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Fig. 1 Schematic of the synthesis route for Fe—Cu nanoparticles on
amine-functionalized silica.
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Fig. 2 Optical image showing color variations in amine@silica modi-
fied with Fe(m), Fe(n)/Cu(n), and Fe(m)/Cu(n).

resolution TEM image (c) confirms the nanoscale distribution
of spherical metal nanoparticles, with an average of 5 nm,
indicating successful and uniform incorporation of Fe(ur) and
Cu(u) into the silica matrix. To examine the chemical compo-
sition of the Fe(u)/Cu(u)@silica in greater detail, energy-
dispersive X-ray spectroscopy (EDS) was employed (Fig. 4), and
the corresponding spectrum is shown in the figure. Elemental
mapping, using a colour-coded scheme for silicon (Si), oxygen
(0), copper (Cu), and iron (Fe), revealed a homogeneous
distribution of these elements throughout the nanocomposite.
Quantitative elemental analysis identified the following atomic
percentages: iron (0.15%), copper (0.27%), oxygen (75.78%),
and silicon (23.79%). These results are consistent with the
findings from X-ray photoelectron spectroscopy (XPS), further
confirming the successful synthesis of the Fe(u)/Cu(u)@silica
nanocomposite. This comprehensive analysis of morphology
and elemental composition demonstrates the effectiveness of
the synthesis process and highlights the well-defined structure

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scanning electron microscopy (SEM) images of Fe(m)/Cui@silica nanocomposites at low (a) and high (b) magnifications, showing
a uniform dispersion of nanoparticles throughout the silica surface without noticeable aggregation. (c) High-resolution transmission electron
microscopy (HRTEM) image demonstrating evenly distributed Fe and Cu nanoparticles embedded in the silica matrix.
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Fig.4 Energy-dispersive spectroscopy (EDS) analysis and elemental mapping illustrating the distribution of O, Si, Fe, and Cu in Fe(i)/Cu(i@silica.

and uniform elemental distribution within the nanocomposite,
supporting its potential for various scientific and industrial
applications.

3.3 FTIR spectra

Fig. 5(a) presents the FTIR spectra of the as-prepared ami-
ne@silica, Fe(u)/Cu(un)@silica, and  Fe(m)/Cu(u)@silica

Transmittance,(%)
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Wavelength, (cm™)

— Fe(Il/Cu(Il@silica — Fe(II)/Cu(I)@silica)

400

— Amine@silica

Fig. 5 FTIR spectra comparing amine@silica, Fe(i)/Cu(i@silica, and
Fe(n)/Cu(i@silica samples: (a) original spectra and (b) enlargement of
the three spectra, where blue represents amine@silica, green repre-
sents Fe(n)/Cu(i@silica, and red indicates Fe(i)—Cu(in@silica.

© 2025 The Author(s). Published by the Royal Society of Chemistry

nanocomposites. A broad absorption band at 3350 cm ™'

corresponds to the stretching vibrations of O-H and N-H bonds
in the amine-based structure and adsorbed water on the
nanocomposites. The absorption band observed at 1650 cm ™" is
associated with the bending vibrations of O-H and N-H bonds,
while the peak around 1067 cm™" indicates the vibration mode

of S-O bonds in SiO, and the silane functional groups®™®
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Fig. 6 XPS survey spectrum of Fe(n)/Cu(i@silica confirming its
elemental composition.
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Furthermore, the peaks at 956 cm ' and 797 cm™ " are attrib-
uted to the stretching vibration of C-O-C bonds and the
bending vibration of C-H bonds, respectively. The absorption
band at 459 cm ™" corresponds to the bending vibration of Si-O
bonds, and the stretching vibrations of metal-oxygen and
metal-nitrogen bonds in the sample's molecular structure.'”*°
Comparing the intensity of this latter peak revealed that the
absence of metal cations in the amine@silica sample results in
a reduced peak intensity. In contrast, the overlapping of the Fe/
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Cu-O and Fe/Cu-N bond vibrations with the Si-O bending
vibration increases the intensity of the corresponding peak. The
spectra are enlarged in Fig. 5(b) for a clearer view.

3.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to analyze the
chemical composition of Fe(m)/Cu(u)@silica.>*' The XPS survey
spectra for the sample are shown in Fig. 6, while the high-
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Fig.7 Deconvolution of the high-resolution (a) N 1s, (b) C 1s, (c) O 1s, (d) Si 2p, (e) Cu 2p, and (f) Fe 2p spectra of the Fe(n)/Cu(i)@silica composite.
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resolution de-convoluted spectra for C 1s, O 1s, N 1s, Si 2p, Fe
2p, and Cu 2p are presented in Fig. 7. The elemental composi-
tion of the sample includes carbon, oxygen, nitrogen, silicon,
iron, and copper at 15.25 at%, 40.52 at%, 1.80 at%, 41.57 at%,
0.29 at%, and 0.57 at%, respectively. These results confirmed
the successful synthesis of Fe(ur)/Cu(un)@silica.?

The chemical states and bonding information of the
elements are shown in Fig. 7(a); the N 1s spectrum reveals five
distinct peaks, corresponding to N-Fe (394.47 eV), N-Cu (396.48
eV), N-H (398.93 V), NH,—C (399.26 V), and NH;-C (400.36 V)
within the Fe(m)/Cu(u)@silica chemical structure.?*?* Fig. 7(b)
presents the high-resolution C 1s spectrum, where the peak is
deconvoluted into five components, namely, C-N-M (278.14
eV), C-Si (279.55 V), C-O-Si (283.63 eV), C-C/C-H (284.80 eV),
and C-N (286.54 eV), where “M” refers to the metal (Cu or
Fe).>*?*® The O 1s spectrum displayed in Fig. 7(c) shows the
presence of O-M (Fe and/or Cu), O-Si, and O-C bonds, as
confirmed by peak deconvolution. In Fig. 7(d), the Si 2p spec-
trum reveals four peaks: one at 95.36 €V, consistent with non-
metallic silicon, and the others at 102.14, 103.62, and
105.02 eV, representing Si-C, Si-O-C/Si-O, and O-Si-O bonds,
respectively.”” The high-resolution XPS spectra of Fe 2p and Cu
2p are shown in Fig. 7(e and f), which is divided into three
doublet peaks of metallic elements, Fe/Cu-N bonds and Fe/Cu-
O bonds, respectively. The presence of metallic iron and copper
in the nanocomposite demonstrates the formation of the
metallic nanoparticles. The doublet Fe 2p peaks at 709.48 eV (Fe
2ps/,) and 720.68 eV (Fe 2py,) correspond to the Fe metal bond
of Fe-N, and the doublet Cu 2p peaks at 932.48 eV (Cu 2p3,) and
947.56 eV (Cu 2p4,) correspond to the Cu metal bond of Cu-N.
The other doublet Fe 2p peaks that appeared at 711.18 eV and
722.49 eV are assigned to Fe 2p;/, and Fe 2p4, of Fe-O, and the
peaks at 934.81 eV and 951.66 eV are assigned to Cu 2p3,, and
Cu 2p,, of Cu-0, suggesting that a proportion of the metals are
oxidized.”® It was reported that for iron forming a bond with the
NH,-group, the Fe(2ps,) binding energies are identified
between 707.5 and 709.7 eV. For the Fe(2p,,,) binding energy of
Fe-NH, bond, the values vary between 720 eV and 730 eV
depending on the oxidation state and chemical environment
around the binding elements.>**°

3.5 Thermogravimetric analysis

The TGA curve of the synthesized nanocomposite is given in
Fig. S1. Accordingly, the first (25-150 °C) and second (150-430 °
C) mass losses were about 13.66% and 2.17% due to the evap-
oration of water molecules adsorbed on the surface and the
decomposition of the amine-based organic compounds,
respectively.® The remaining ash at 750 °C (about 81% of the
initial mass of the nanocomposite) contained copper-based
substances, iron-based substances, and SiO, with high
thermal stability, as well as thermally decomposed organic
substances.

3.6 BET analysis

BET analysis was performed to evaluate the specific textural
properties of the materials, with nitrogen adsorption used to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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assess the surface area and pore volume. The surface area was
determined using the BET (Brunauer-Emmett-Teller) equation.
The average pore radius was estimated from the BET surface
area and total pore volume, assuming an open cylindrical pore
model without pore networks. The BJH (Barrett-Joyner-
Halenda) method was also employed.**** Amine-modified silica
(amine@silica) was used as a reference to compare with Fe(ur)/
Cu(n)@silica for investigating the impact of Fe(m) and Cu(u) on
the surface characteristics. Fig. S2 displays the nitrogen
adsorption-desorption isotherms for amine@silica and Fe(u)/
Cu(un)@silica. The adsorption rate of an adsorbent is known to
depend on its surface area and pore volume, with larger surface
areas typically leading to higher adsorption rates.** As displayed
in Fig. S2(a), both samples show a high adsorption rate at low P/
P, values, which gradually decreases as the relative pressure
increases. The isotherms follow type I of the IUPAC classifica-
tion, indicating microporous structures. The significant uptake
at low relative pressures is attributed to adsorption in micro-
pores. Additionally, the hysteresis loop of type H4 in both
isotherms suggests monolayer-multilayer adsorption, followed
by capillary condensation in narrow slit-like pores.>®> The BET
surface area of amine@silica was found to be 500.54 m> g,
whereas for Fe(ur)/Cu(m)@silica, it was 446.07 m”> g~ ', indicating
that amine@silica has a larger surface area. The total pore
volume, based on the BET theory, was 0.279 cm® g~ * for ami-
ne@silica and 0.262 cm® g~ for Fe(m)/Cu(n)@silica. In the ¢
plot diagrams, the slope represents the external surface area, as
shown in Fig. S2(b). The external surface area was 27.69 mmol
g~ for amine@silica and 26.75 mmol g~ for Fe(m)/Cu(i)
@silica, suggesting that the presence of metal nanoparticles
reduces the external surface area by blocking some of the
micropores. From the t-plots, the micropore volume for ami-
ne@silica and Fe(m)/Cu(n)@silica was calculated as 17.64 cm?
g¢' and 32.23 cm® g™, respectively. The mesopore volume,
obtained by subtracting the micropore volume from the total
BET pore volume, was 17.36 cm® g~ * for amine@silica and 31.97
em?® g~ for Fe(m)/Cu(m)@silica. As shown in Fig. $2(c), the pore
width distribution for both samples was narrow, with most
values under 10 nm. The BJH desorption cumulative surface
area for pores ranging from 1.7 nm to 300 nm was 197.65 cm®
g ' for amine@silica and 295.61 cm”® g ' for Fe(m)/Cu(u)
@silica. The average pore diameter, based on BJH desorption,
was 2.96 nm for amine@silica and 2.73 nm for Fe(ur)/Cu(u)
@silica.

3.7 Electrochemical characterization

3.7.1. Electrocatalytic performance of different surfaces for
the HER. Fig. 8 represents the evaluation of the HER charac-
teristics over the synthesized materials in 0.5 M H,SO, at a scan
rate of 5 mV s~ '. The comparison of the electrocatalytic
performances of the different surfaces shows the effect of the
type of modifier used concerning hydrogen generation. Linear
sweep voltammetry (LSV) plots of different electrode surfaces,
namely GC, GC/CNT, GC/CNT-Fe(m)@silica, GC/CNT-Fe(u)/
Cu(n)@silica and GC/CNT-Fe(m)/Cu(u)@silica in an acidic
medium. The different surfaces are compared to the GC (bare)
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Fig. 8 Linear sweep voltammogram curves of different electrode
surfaces in 0.5 M H,SO, at a scan rate of 5mV s~

surface in relation to the HER. The order of the onset potentials
for the HER as derived from the plots of Fig. 8 is: —0.704 V,
—0.687 V, —0.634 V and —0.625 V versus RHE for the electrodes
GC/CNT, GC/CNT-Fe(u)@silica, GC/CNT-Fe(u)/Cu(u)@silica
and GC/CNT-Fe(ur)/Cu(u)@silica, respectively. In order to drive
a specific current of 100 A g~ ' cm ™ the following overpotentials
are required: —0.737 V, —0.706 V, —0.649 V and —0.631 V for the
GC/CNT, GC/CNT-Fe(m)@silica, GC/CNT-Fe(u)/Cu(um)@silica
and GC/CNT-Fe(ur)/Cu(u)@silica electrodes, respectively. From
the LSV data, the best electrocatalytic performance for the HER
was exhibited by the GC/CNT-Fe(ut)/Cu(u)@silica electrode. The
GC/CNT-Fe(u)/Cu(u)@silica electrode showed close behaviour to
that of the GC/CNT-Fe(m)/Cu(un)@silica electrode; we antici-
pated the relative stability of the second electrode with Fe()
compared to Fe(u) in the first electrode. Therefore, the rest of
the work will adapt the GC/CNT-Fe(m)/Cu(u)@silica electrode
for this investigation. We determined the electroactive surface
area of each electrode using a cyclic voltammetry (CV) technique
in a K3[Fe(CN);z]-containing electrolyte (the CVs are provided in
Fig. S3). The electroactive surface areas for GC, GC/CNT and GC/
CNT-Fe(m)/Cu(m@silica are 0.0615 cm?®, 0.177 ecm”, and 0.266
cm?, respectively. The two-probe measurements using LCR
bridge revealed the electrical conductivity of the samples as
follows: SiO, (3.67 x 107® S em™"); CNTs (8.02 x 10™* S ecm™);
and CNTs-Fe(m)/Cu(n)@silica (4.73 x 107> S cm ™).

Previous publications indicated various values of over-
potentials versus RHE to drive a current density of 10 mA cm ™2,
A Cu-Fe mixture was prepared mechanically using a friction
stirring process showing an overpotential of 67 mV to drive
a current density of 10 mA cm ™2, using the same method of
preparation for Fe and Cu; for Fe sheet and Cu sheet, the
overpotentials are 169 mV, 297 mV, 406 mV and 418 mV,
respectively.®® A green method was reported for the preparation
of cobalt ferrite (CoFe,0,), and the overpotential needed to
drive a current density of 10 mA cm™> was 440 mV.37 In another
study, the following materials were chemically synthesized: Pt/
C-20%, NiFe and ZnFe,0,; the corresponding values of the
applied overpotentials to drive a current density of 10 mA cm™>
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are as follows: 70 mV, 420 mV and 520 mV, correspondingly.®® It
is challenging to compare those figures with the values reported
in this work since the mass of the catalyst was not reported.
However, the GC/CNT-Fe(u)/Cu(u)@silica electrode, with
a combined mass of CNT (0.5 mg) and Fe(u)/Cu(im)@silica (1.0
mg) in a stock solution of 1.0 mL in the electrolyte (only 10 pL
are administered to the GC), displayed an impressive specific
current of 1000 A g~ cm ™~ that needs an applied potential of
—0.766 V vs. RHE.

The kinetics limiting the HER process was analyzed by the
Tafel experiments using different electrodes. The Tafel analysis
is discussed in terms of the Butler-Volmer equation and the
derived equations thereafter:

apnFn
e RT

—acnFn

— € RT (1)

J=Jo

where j, is the exchange current density, ay and «c are the
anodic and cathodic transfer coefficients, F is the faradaic
constant (96485.3 C mol '), R is the ideal gas constant
(8.314 kJ-K~'-mol "), Tis the absolute temperature and 7 is the
overpotential. The Tafel equation is derived as follows:

n = a + blog()) (2)

where “a” is the intersection of the Tafel slope and “b” is the
Tafel slope. The “a” and “b” parameters are simply expressed as
follows:

_ 2303RT 6
“= aF
2.303RT
b= ur @

Fig. sS4 displays the Tafel plots of different electrodes in 0.5 M
H,SO,. The Tafel slopes derived from Fig. S4 in the high over-
potential region (|n| > 100 mV) are as follows: 462 mV dec ',
588 mV dec !, 316 mV dec ' and 289 mV dec™?, for the GC/
CNT, GC/CNT-Fe(u)@silica, GC/CNT-Fe(u)/Cu(un)@silica and
GC/CNT-Fe(m)/Cu(un)@silica electrodes, respectively. The Tafel
slopes decreased, indicating the highest HER activity when
using the GC/CNT-Fe(m)/Cu(u)@silica electrode. Different Tafel
slope values have been reported previously in the literature for
the HER at different electrodes and in various media. The Tafel
slope obtained over CoFe,0, is 98 mV dec ' compared to those
obtained at CuFe (144 mV dec ') and at NiFe,O, (133 mV
dec ™). A composite catalyst of platinum nanoparticles
supported on a silica matrix (Pt/SiO,) was synthesized. The
electrocatalytic activity and stability of this catalyst were evalu-
ated for the oxygen reduction reaction (ORR) using cyclic vol-
tammetry and  chronoamperometry.®  The  catalyst
demonstrated a specific activity of 11.90 A gp ' normalized to
a scan rate of 100 mV s ', which corresponds to a current
density of 1.19 mA cm™>. The stability was confirmed by the
minimal decay in current over a 10-hour chronoamperometry
test. In addition, the Tafel slope value for the HER is also
structure dependent,*® as it was reported for Pt with different

© 2025 The Author(s). Published by the Royal Society of Chemistry
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facets as 55 mV dec” ' and 150 mV dec ' in a two-step kinetic for
Pt(110). Some other electrocatalysts including “precious”
metals were also reported for the HER and the corresponding
Tafel slopes are 124 mV dec " for Ir/C, 127 mV dec " for Pd/C
and 95 mV dec™' for Rh/C measured within different over-
potential regions in the fuel cell setup.** The relatively high
Tafel slope values obtained in this study suggest that H,O
adsorption is energetically more favoured according to eqn (6)
and (7) in the Volmer-Heyrovsky mechanism.”” High Tafel
slopes were obtained* over biogenic CoFe,O, with a value of
283 mV dec ' and an overpotential of 370 mV at a current

density of 10 mA cm 2.

H" + M 2 MH,4 (Volmer step) (5)
MH,4, + H" + e~ 2 H, + M (Heyrovsky step) (6)
2MH,4s 2 H, (Tafel step) (7)

Eqn (5) represents the Volmer step where a hydrogen ion
adsorbs over the active site of the catalyst M, and the second
step shows the combination of the adsorbed hydrogen atom
with another hydrogen ion (eqn (6); the Heyrovsky step);
another possible route is the recombination of two adsorbed
hydrogen atoms over the catalyst M to produce hydrogen (the
Tafel step), as shown in eqn (7). From the value of the Tafel
slope over the GC/CNT-Fe(u)/Cu(u)@silica electrode, the
kinetics of the HER is controlled by the Volmer step as the
limiting one in the mechanism. According to eqn (1)-(4), the
exchange specific currents (J,) and charge transfer coefficients
(a) were determined, as depicted in Table 1. The high electro-
catalytic efficiency of the GC/CNT-Fe(ur)/Cu(u)@silica electrode
towards the HER is represented by the highest value of the
corresponding exchange specific current. It is worth to mention
that the combined loaded amount of CNT and Fe(m)/Cu(u)
@silica is limited to 1.5 x 10~ g within a 10 pL administered to
the substrate (GC) surface. The relatively high values of the
transfer coefficient reflect the high irreversibility of the process.

Electrochemical impedance spectroscopy (EIS) provides
useful information on the interfacial interaction on the elec-
trode surface and on the electrocatalytic interactions of the
modifying film. The Nyquist plots for different electrodes are
displayed in Fig. S5 (with the electric circuit used in fitting the
data in the inset), and the results of data fitting are given in
Table S1. R, represents the electrolyte resistance, R, is the
polarization resistance reflecting the ease of charge transfer at

Table 1 Exchange current density and charge transfer coefficient
calculated from the Tafel plots for different surfaces in 0.5 M H,SO,4 at
a scan rate of 1.0 mV st

Surface Jo x10°/A g™ em™ o

GC 592.2 0.906
GC/CNT 612.9 0.909
GC/CNT-Fe(m)@silica 602.6 0.907
GC/CNT-Fe(u)/Cu(u)@silica 648.8 0.914
GC/CNT-Fe(m)/Cu(u)@silica 655.4 0.915

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the interface, CPE is the capacitive component that shows the
capacitance of the double layer built up along with the surface
roughness, W is the “Warburg” diffusional resistance compo-
nent, and x> represents the goodness of the fitting of the
multivariable components. The low value of R, for GC/CNT-
Fe(ur)/Cu(un)@silica (X8) reflects the high catalytic activity of this
surface compared to the other electrodes. The Warburg diffu-
sional component shows the lowest resistance value for the
same surface.

3.7.2. Effect of the amount of modifier loading and the
type of carbon material on the performance of the electrode for
the HER. Further optimization and study of the electrode
performance towards hydrogen generation will be focused on
Fe(ur)/Cu(m)@silica. The electrocatalytic performance of the
modified electrode depends to a great extent on different
parameters. The prime effects are reasonable due to the type
and amount of the modifier's ingredients. The effect of the
loading amount of Fe(m)/Cu(u)@silica is considered, and the
results are shown in Fig. 9. The modifiers are weighed and di-
ssolved in 1.0 mL of dimethylformamide: x g Fe(ur)/Cu(un)@silica
(x = 0.5 mg, 1.0 mg, and 2.0 mg) and 0.5 mg CNT. A 10 uL

|
p—

I10° /A g"' em”
&

e CNT (0.5 mg)
CNT (0.5mg)-Fe(IIT)/Cu(IN)@silica (0.5mg)
CNT (0.5mg)-Fe(IIT)/Cu(ID@silica (1 mg)

< CNT (0.5mg)-Fe(IIT)/Cu(IN)@silica (2 mg)

_7 U TN ST S N TN SN TN SN NN TN SN ST SN [N SN NN SN N N S SN SN SN N S S —" . |
-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
E /V (RHE)

oF®

e graphite-Fe(III)/Cu(ID)@silica

e Activated carbon-Fe(III)/Cu(Il) @silica

e G O-Fe(III)/Cu(IN)@silica
RGO-Fe(III)/Cu(Il)@silica

I10° /A ¢" em”
o

-6 = CNT-Fe(III)/Cu(I)@silica

_7 PO ST T U T N S WO WO U ST SN TN NS N NN SN NN SN SN SN [ S S S . |

1.2 -1.0 -0.8 -0.6 -0.4 0.2 0.0
E/V (RHE)

Fig. 9 (a) Linear sweep voltammograms of CNTs (0.5 mg) with
different amounts of Fe(in)/Cu(n@silica in 0.5 M H,SO4 at a scan rate of
5 mV s (b) Linear sweep voltammograms of different carbon
materials with Fe(in)/Cu(i)@silica in 0.5 M H,SO, at a scan rate of 5 mV

S
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aliquot is applied to the surface of GC substrate. The results
indicate that as the amount of Fe(m)/Cu(u)@silica catalyst
increases, the onset of the hydrogen evolution overpotential
decreases. We compared the performance of the electrode
towards the HER in the presence of different amounts of Fe(ur)/
Cu(m)@silica to the case of CNTs only. As can be deduced from
the data presented in Fig. 9(a), the application of 0.5 mg of
Fe(m)/Cu(un)@silica in the stock (1.0 mL) solution did not alter
the onset of hydrogen evolution overpotential appreciably; the
use of 1.0 mg or 2.0 mg of Fe(um)/Cu(u)@silica in the stock
solution does not differ also in terms of the overpotential for the
HER. The following studies were performed using a catalyst ink
prepared with a concentration of 1.0 mg mL™". From this ink,
10 uL was drop-casted onto a glassy carbon (GC) electrode to
achieve a catalyst loading of 0.1 mg cm™> on the electrode's
surface.

The second important factor influencing the performance of
the modifier is the type of carbon-based material used to
support Fe(Ill)/Cu(n)@silica. In this regard, the following
carbon-based materials were used: graphite, activated carbon,
graphene oxide (GO), reduced graphene oxide (RGO) and
carbon nanotubes (CNT). The nominal amount in the stock of
each carbon-based material is 0.5 mg and mixed with 1.0 mg of
Fe(m)/Cu(un)@silica in 1.0 mL stock electrolyte; the amount
administered to the GC after is 5.0 x 10~ ° g. The employments
of graphite, activated carbon, GO and RGO show less electro-
catalytic property towards the HER. However, the use of CNTs as
carbon-based material supports enhances the electrocatalytic
properties of the surface. This is observed when calculating the
onset overpotential value of the I/V linear sweep voltammo-
grams of Fig. 9(b). Multiwalled CNTs were employed extensively
in the modification of electrode surfaces for various electro-
chemical applications due to their exceptional physicochemical
properties. CNT surface adsorption and penetration ability
constitute an important property for their use as electrode
modifiers. Moreover, the CNT has a good affinity for the
formation of non-covalent structures with organic molecules.
The relatively large surface area and conductivity of CNTs
compared to other carbon-based materials allow its reception to
the immobilization of various electrocatalysts. Moreover, the
CNT surface can be modified using chemical or physical routes
to form different functional groups on its surface. CNTs there-
fore prove to be the best choice to allow enhanced charge
transfer between the electrolyte and the GC substrate, which
results in noticeable performance towards the HER.***

3.7.3. Determination of the diffusion coefficient and reac-
tion rate constant of the HER. The apparent diffusion coeffi-
cients (D) and the rate constants (k) of the HER using different
electrodes were determined from the chronoamperometry
experiments in 0.5 M H,SO,. The following equations were
adapted for the determination of the above-mentioned
parameters:**®

Ip — nFACODl/Z(TC)—]/Z(I)—l/Z (8)

I/l = w"P(k)'? (9)
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Fig. 10 Chronoamperograms over different electrode surfaces in
0.5 M H,SO4. The applied potential is —800 mV.

The parameters in eqn (8) and (9) are defined as follows: I, is
the specific oxidation current density of the catalytic process, A
is the electrode area, C, is the concentration of the electrolyte, I,
is the current density value in the absence of electrolyte, and I
is the current density value in the presence of electrolyte, n is
the number of electrons exchanged during the catalytic process,
Fis Faraday's constant, t is the time, D is the apparent diffusion
coefficient (cm® s™') and k is the catalytic rate constant (cm?
mol ' s7).

Fig. 10 shows the chronoamperogram curves over different
electrode surfaces in 0.5 M H,SO,. The applied potential is
—800 mV to ensure an appreciable rate of HER at different
evaluated electrodes, as derived from the corresponding linear
sweep voltammetry experiments (Fig. 8). Maximum “quasi-
steady” specific currents are in the following order after
running the experiment for 600 s for the different electrodes:
GC < GC/CNT-Fe(m)@silica < GC/CNT < GC/CNT-Fe(u)/Cu(u)
@silica ~ GC/CNT-Fe(m)/Cu(u)@silica electrodes, respec-
tively. It is expected that the GC/CNT-Fe(m)/Cu(u)@silica
electrode shall drive the maximum current for the HER under
an applied constant potential of —800 mV. As depicted in
Fig. S6(a), a plot of the current densities I, versus ¢ */> shows
linear relationships; using eqn (8), the values of the diffusion
coefficients (D) can be calculated for the tested electrodes. The
values of the apparent diffusion constants are given in Table 2.
As expected, the order of increasing the values of D values is
similar to those found for the “quasi-steady” specific currents

Table 2 Diffusion coefficient, D, and catalytic rate constant, k, for the
HER in 0.5 M H,SO,4 over different electrode surfaces. The applied
potential is =800 mV

Surface D/em?*s™! k/em® mol ' 57!
GC 1.78 x 107° —

CNT 6.06 x 10°° —
CNT-Fe(m)@silica 2.03 x 10°* 7.55 x 107°
CNT-Fe(n)/Cu(u)@silica 7.58 x 1078 0.574
CNT-Fe(m)/Cu(u)@silica 7.55 x 10°® 4.61

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for the different electrodes as follows: GC < GC/CNT-Fe(i)
@silica < GC/CNT < GC/CNT-Fe(u)/Cu(un)@silica ~ GC/CNT-
Fe(m)/Cu(un)@silica. The main conclusion deduced from the
results is that the presence of Cu(u) is critical for enhancing
the efficiency of the HER process, as reflected from the diffu-
sional component.

We compared the diffusion coefficient value for the HER at
some surfaces. The D values for HER span between 10> cm®s ™"
and 10~° cm” s~ ', depending on several factors such as the type
of electrolyte, temperature and electrode surface. For instance,
Chen and his co-workers found that the D values obtained for
the Mischmetal type (Mm) were of the order of 10 '° cm® s~ for
the MmNi; system alloys and 10 '" cm® s™* for the Zr-based
Laves phase alloys.*” In another study, the diffusion coeffi-
cient using API 5L-grade X65 steel surface was found to have an
average value of 4.12 x 10 ° m*s ™, depending on the pH of the
electrolyte and the applied overpotential.® It was also found
that the shape and size of the electrode affect the value of the
diffusion coefficient. For example, the D value for the HER at an
ultra-micro electrode in 0.1 M KNO; was found to be 5.0 x 10>
em? s~ The value of the diffusion coefficient varied according
to the crystalline nature of the electrode and the hydrogen
pressure within the electrolyte. When performing the
measurements using a rotating disc electrode on polycrystalline
Pt in 0.1 M KOH with different hydrogen partial pressures
(between 10 and 100 kPa H,), the average value was found to be
3.4 x10 > em’s™

From eqn (9), the values of the rate constants for the HER
can be estimated and Fig. S6(b) displays the relation between
current ratios in 0.5 M H,SO, vs. ¢t ¥? at different electrodes
with an applied constant potential of —800 mV. The calculated
rate constants (k) are in the following order for the different
electrodes: CNT-Fe(m)@silica < CNT-Fe(u)/Cu(u)@silica < CNT-
Fe(m)/Cu(u)@silica. The synergistic effect from the combination
of Fe(m) and Cu(u) is reflected in the high efficiency of the HER,
which resulted in fast kinetic parameters. It is important to
notice that most of the kinetic activation-controlled processes
occur during the first few seconds from the application of the
constant potential value as shown in the chronoamperograms
of Fig. 10.

Evidence of the diffusional component on the charge
transfer process for the HER is ascertained by changing the scan
rate in the linear sweep voltammetry experiment. Fig. S7 shows
the linear sweep voltammogram curves of CNT-Fe(ur)/Cu(n)
@silica in 0.5 M H,S0, at different scan rate values (5-100 mV
s"). The results showed that the onset potential for the HER
shifts to lower values with the increase in scan rate. The value of
the onset potential for the HER is —0.325 V vs. RHE for a scan
rate of 100 mV s~ '. The performance of the present electrode
modified with the catalyst CNT-Fe(u)/Cu(u)@silica is compared
to some previously reported data for copper- and Fe-based
catalysts with the figures of merit listed in Table S2.

3.7.4. Stability of the catalyst performance towards the
HER. It is important to examine the stability of the used catalyst
by monitoring current fluctuations and changes during an
exhaustive experiment by applying a constant applied potential
of —1000 mV vs. RHE during which the HER is continuously

© 2025 The Author(s). Published by the Royal Society of Chemistry
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progressing over the electrode surface for an extended time.
Fig. S8 shows the chronoamperometry experiment result for the
CNT-Fe(ur)/Cu(un)@silica electrode in 0.5 M H,SO, under a rela-
tively high overpotential to ensure a high rate of HER for one
hour. As can be noticed, the current shows fluctuations due to
the hydrogen evolution with adsorption/desorption of the gas
on the electrode surface. The fluctuations during the one-hour
experiment range in +4.3% variation, indicating the stability
of the current response within the test period. The experiment
was repeated on the same electrode for a three-day interval,
showing a standard deviation of 10.45%. The specific current
change reflected that the electrode surface maintained its
stability when stored in air. We also conducted extended
exposure to exhaustive electrolysis for about 26 hours (Fig. S9)
and found no substantial decay in current. The inductively
coupled plasma measurement indicated relatively low dissolu-
tion of Fe from the surface of the electrode. We found the
amount leaked as 0.36 pg after background correction, the %
leakage to be 12.4 of the original amount loaded over the elec-
trode surface.

3.7.5. Electrochemical performance of the catalyst towards
the HER in different electrolytes. It is of prime importance to
test the performance of the proposed catalyst, CNT-Fe(m)/Cu()
@silica, in different supporting electrolytes. On the one hand,
the electrode modified with the catalyst is tested in another
acidic solution with different anions, HCIO,4; the second elec-
trolyte is a basic solution of KOH. The data are presented in
Fig. S10-S14, Tables 3 and 4.

The analysis of the linear sweep voltammograms of Fig. S10
shows that the onset of the HER overpotential increases in the
following order when using the CNT-Fe(m)/Cu(u)@silica catalyst
in different electrolytes: KOH < H,SO, < HClO,. The onset
overpotentials for the HER are as follows: —0.422 V, —0.631 V
and —0.784 V when using the KOH, H,SO,, and HCIO, elec-
trolytes, respectively. While the overpotential needed to produce

Table 3 Exchange current density and charge transfer coefficient
calculated from the Tafel plots for CNT-Fe(um)/Cu(n@silica in 0.5 M of
different electrolytes, namely, H,SO4, HCLO4 and KOH, at a scan rate
of LO0mV st

Electrolyte/0.5 M Jo X 10°/Ag " cm ™2 a

H,SO0, 654.41 0.915
HCIO, 634.61 0.912
KOH 701.56 0.921

Table 4 Diffusion coefficient, D, and catalytic rate constant, k, of the
HER for CNT-Fe(n)/Cu(n@silica in 0.5 M of different electrolytes,
namely, H,SO4, HClO4 and KOH. The applied potential is —1000 mV

Electrolyte/0.5 M Dfem® s~ k/em® mol " 57!
H,S0, 1.37 x 107 15.79

HClO, 1.00 x 10~/ 0.077

KOH 6.83 x 1078 1.49
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hydrogen evolution in KOH is the lowest compared to those
representing acid media, the slope of the I-V curve at higher
potential domains is the lowest in KOH. Therefore, it is ex-
pected that the exchange current densities (/,) are in the order
of KOH > H,SO, > HCIO,. The apparent diffusion coefficients
(D) are however in the order of H,SO, > HClIO, > KOH, while the
apparent rate constants (k) are in the order of H,SO, > KOH >
HCIO,. It is noticed that the slope of the I-V curve for the KOH
electrolyte in Fig. S11 is lower than those for H,SO, and HCIO,
at higher overpotential values. Although the rate constant is
higher for KOH than for HClO, calculated at low overpotential
values, the rate increases as the applied potential increases. The
values of (J,), (D) and (k) were calculated using eqn (8) and (9)
from the data depicted in Fig. S12-S14. It was reported earlier
that the kinetics and mechanism of the HER differ according to
the type of acid used, and the nature of the surface and catalyst
employed.”® As shown in the present results, the proposed
catalyst exhibits a lower overpotential for the HER than when
tested in acidic media, and the diffusion coefficient and rate
constant are smaller, indicating sluggish hydrogen evolution
kinetics. Several previous reports have mentioned similar
findings, and have been explained in terms of the low concen-
tration of hydrogen ions in the solution, the barrier confronting
the formation of the M-H bond, the type of catalyst employed,
and the water association processes, and therefore, the
“Volmer” step is rate-determining in alkaline media.”*® The
following mechanism was suggested for the HER in an alkaline
medium:*’

H,O + M +e~ 2 MH,4, + OH™ (Volmer step) (10)
MH,4 + H,O + ¢~ 2 OH™ + H, (Heyrovsky step) (11)
2MH,4s 2 H, (Tafel step) (12)

4. Conclusions

This work demonstrated a Fe(m)/Cu(u)@silica noble metal-free
catalyst for an efficient HER that combines high performance
and low cost. XPS confirmed the presence of Fe-Cu-N/O
coordination bonds, which are critical for charge transfer.
The high surface area (446.07 m* g~ ) and porosity (0.262 cm?
g~ ', BET) of the hierarchical silica framework ensured rapid
mass transport and accessible active sites. At low over-
potentials (502 and 631 mV vs. RHE), the catalyst achieved
ultrahigh current densities of 32.03 and 100 A g~ ecm >, out-
performing in 0.5 M H,SO,. The Volmer step was found to be
rate-limiting by the HER kinetics, which is regulated by a Tafel
slope of 120 mV dec ™, with a rapid HER rate constant of 4.61
em® mol™ s (—800 mV vs. RHE). Carbon nanotubes (CNTs)
support maximum conductivity and dispersion at ultra-
loadings (1.5 x 107> g per 10 pL electrode). Comparative
studies confirmed superior activity in H,SO, due to optimal
proton dynamics. The catalyst exhibited exceptional stability
under industrial conditions (—1000 mV vs. RHE, 24 h),
retaining >95% activity and exhibiting corrosion resistance
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and structural robustness. It is a good alternative to platinum-
group catalysts due to its durability and low-cost Fe/Cu
composition. By fusing hierarchical porosity with tailored
coordination environments, this work advances the design of
multifunctional heterostructures for sustainable hydrogen
production. The Fe(u)/Cu(un)@silica system embodies innova-
tion in materials and practical applications to address the
challenges of efficiency and scale-up in renewable energy. By
providing a scalable pathway to produce renewable hydrogen
in line with global decarbonization goals, it aids in bridging
the gap between high-performance catalysis and economic
viability.
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