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Abstract

The global pursuit of sustainable energy solutions has intensified the exploration of
efficient and eco-friendly methods for hydrogen production, particularly through the
hydrogen evolution reaction (HER) from renewable energy sources. Our research focuses
on combining bio-waste-derived activated carbon nanomaterials with green-synthesized
copper oxide nanoparticles (CuO@AC) to create efficient electrode materials for
enhancing HER and oxygen evolution reaction (OER). The surface features of the compo-
site material indicate a nanoarchitectonics of rubble morphology, and multiple intense
peaks provide evidence for the successful fabrication of each expected crystalline phase,
reflecting the overall composition and structural integrity of the nanomaterials. Findings
also make known that CuO nanoparticles combined with activated carbon exhibit high
efficiency for both HER and OER activities. It required an overpotential of 137 mV at
10 mA cm™ current density and a Tafel slope of 94 mV dec™ to drive the HER, while an
overpotential of 194 mV was required to achieve a 10 mA cm current density and a Tafel
slope of 67.9 mV dec? for the OER catalysis process. This work aims to enhance our
understanding of the interactions between activated carbon and metal oxides,
highlighting the potential of tailored electrocatalytic materials for sustainable energy
conversion and contributing to net-zero emission targets.

Keywords
Hydrogen evolution reaction; oxygen evolution reaction; electrocatalyst; biomass-derived
activated carbon; green hydrogen

http://doi.org/10.5599/jese.3012 1



http://doi.org/10.5599/jese.3012
https://doi.org/10.5599/jese.3012
https://pub.iapchem.org/ojs/index.php/JESE
mailto:acharyadebendra88@gmail.com
mailto:dasu.paudel@trc.tu.edu.np
https://orcid.org/0009-0002-4738-0226
https://orcid.org/0009-0007-2834-0962
https://orcid.org/0009-0004-0908-8851
https://orcid.org/0009-0007-3112-0397
https://orcid.org/0000-0003-0332-2948
https://orcid.org/0000-0002-6024-9356

J. Electrochem. Sci. Eng. 16 (2026) 3012 CuO@AC nanocomposite for water splitting applications

Introduction

The global energy demand is increasing due to population growth and economic expansion.
Natural gas, coal, and other non-renewable fossil fuels currently supply the majority of this need,
which is expected to be depleted within the coming few years [1,2]. The use of fossil fuels contri-
butes to environmental deterioration, putting human life in jeopardy by causing climate change and
greenhouse gas emissions, which frequently result in costly management expenses [1,3]. Energy is
beginning to constrain economic growth due to environmental pollution and energy depletion. But
the majority of the energy used today comes from nonrenewable fossil fuels [4]. Thus, electro-
chemical energy conversion and storage device systems, along with their respective electrode
reactions, are a globally significant and environmentally conscious subject [5]. Electrochemical
water splitting is an effective way to address the ongoing energy crisis through sustainable energy
conversion and storage. The electrochemical water-splitting process involves the oxygen evolution
reaction (OER) and the hydrogen evolution reaction (HER) [6]. Hydrogen, being renewable, emits
zero emissions and is environmentally benign, presenting itself as a viable alternative to fossil
fuels [7,8]. It boasts a higher energy content than natural gasoline and can be sourced diversely,
with the added advantages of non-toxicity and ease of storage through chemical or physicochemical
means [9,10]. However, the widespread adoption of this technology in commercial applications
remains constrained due to the limited availability, rising expenses, and inadequate stability of
precious metals like Pt, Pd, Ru and Ir, which are essential for ensuring optimal performance in both
the HER and OER [11-13]. Searching for materials that are plentiful, renewable, and sustainable is
essential in this regard, which can support current needs and ensure the natural prosperity [8,14].

In the pursuit of sustainable energy sources and efficient environmental remediation strategies,
the development of advanced materials plays a pivotal role. Current developments in total water
splitting place considerable emphasis on transition-metal compounds, including those based on Fe,
Co, Ni, Cu, V, Re, W and Mo [6,15-17]. These substances are favoured because they are inexpensive,
have a high theoretical catalytic activity, are abundant in nature, and are cost-effective [8]. Several
catalysts in this category have demonstrated remarkable performance for both HER and OER, and the
overall potential for water splitting has even fallen below that of the benchmark Pt/C and IrO>
electrode pairs [6]. The majority of bifunctional catalysts that have been recognized comprise
transition metal oxides, carbides, phosphides, and sulphides. Moreover, the high catalytic activity is
aided by thoughtful modification of their morphology and the electronic structures, which optimize
their performance due to enhanced reaction kinetics, rapid charge transfer, and high conductivi-
ty [18,19]. Transition metal chalcogenides and nitrides are frequently effective catalysts for HER and
may be active for OER. However, under alkaline OER conditions, they typically undergo oxidation,
forming metal oxides or hydroxides on the surface or even throughout the bulk [20]. As a result, the
true catalytically active species are these oxides/hydroxides rather than the initially unstable
compounds. Hence, the transition metal oxides were widely developed as OER catalysts due to their
affordable, abundant, and strong anticorrosion qualities in an alkaline environment [21,22]. TMOs
show excellent performance for OER, but they are often less potent for HER due to poor hydrogen
desorption capabilities [23]. However, significant advancements have been made in engineering
TMOs to enhance their catalytic properties for alkaline HER, making them promising candidates for
overall water-splitting applications. To fully harness the capabilities of TMOs, it is essential to
address challenges concerning stability, conductivity, and tailored functionality [24,25]. Among
them, the integration of metal oxides with environmentally friendly matrices remains under-
explored. Moreover, the NPs synthesized using the green method are simple, quick, cost-effective,
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efficient, and adaptable [26,27]. CuO nanoparticles are much less expensive to synthesize than other
contemporary nanoparticles, which have superior electrocatalytic properties due to their peculiar
crystal structure and capacity to enhance electron transfer reactions [18,28,29].

Nanostructures are highly valued for their chemical stability, electrical conductivity, and ability
to host electrochemically active species via intercalation. Recently, carbon-based materials and their
nanostructures have attracted significant attention due to their potential applications in energy
storage, sensing, and electrocatalysis [30]. However, creating carbon nanostructures with precisely
engineered architectures, surface areas, porosity, and pore-size distributions using readily available
resources remains challenging. Moreover, biomass-derived activated carbons have gained
popularity because they offer a large surface area, high porosity, and scalability [31]. In this context,
focus has been on synthesizing carbon nanoparticles from abundant biomass resources and waste
products to develop effective catalysts for energy conversion [32]. The copper oxide nanoparticles
infused in activated carbon matrix (CUO@AC) can demonstrate improved HER and OER catalysis due
to the synergistic contribution of the carbon-supported CuO nanocomposite. The catalytic potential
of non-precious CuO can be further enhanced when supported on AC, thereby increasing the
interaction of water molecules with the catalyst surface during the water-splitting reaction [33].

This study aims to bridge these gaps by investigating the production, description, and use of
metal oxide nanoparticles entwined biomass-derived porous carbon matrix nanocomposites,
thereby addressing the need for novel materials with enhanced electrochemical performance and
potential electrochemical activity. The synthesis process is straightforward, and the use of low-cost
materials makes this method not only cost-effective but also suitable for large-scale implemen-
tation. This work aims to advance the understanding of activated carbon-to-metal oxide interaction,
highlighting the potential of strategic design in creating tailored electrocatalytic materials for green
hydrogen production.

Experimental

Chemicals and instruments

Potassium hydroxide (KOH, 95%) and cupric nitrate [Cu(NO3)2], 98.99 % were purchased from
Thermo Fischer Scientific India Pvt. Ltd, hydrochloric acid (HCI, 36 wt.%) from Lab Alley Powering
Science, Urea [CO(NH2);], 99.5 % from Oxford Lab Fine Chem Lip, and ethanol (CH3CH,OH, 99.20 %)
from BRG Biomedicals. Laboratory mill (Grinder), Magnetic stirrer (REMI 2MLH), Centrifuge Machine
(REMI R4 Laboratory centrifuge), Sieve size 150-250 um, Weighing Balance (Phoenix instrument),
Digital pH meter (SPECTRONICS INDIA, MODEL NO. S1-139), Muffle furnace (Accuma ¥ India, NEW
DEHLI-110058), Tubular furnace (CITY INSTRUMENTS), Hot air oven (TORRE PICENARDI (CR) ITALY,
Mod. PANACEA 430) were available in the laboratory.

Synthesis of activated carbon

Corncobs were collected from the local market in Tokha, Kathmandu. The corncobs, here abbre-
viated as CC, were finely chopped, thoroughly cleansed with deionized water. Subsequently, it was
dried for 8 hours at 100 °C and then ground into a powder. After screening, irregular granules
measuring 150 to 250 um were selected. Using a nitrogen atmosphere in a tube furnace, the dried CC
was calcinated for two hours at 300 °C at the rate of 5 °C min’. Subsequently, the calcined CC was
mixed with a urea solution and KOH, and the mixture was aged for 6 hours. Three mass ratios were
established for urea, KOH and CCs: 1:1:1. After that, the mixture was dried at 100 °C in an oven. The
activation process was conducted in crucibles for 2 h at 700 °C. Subsequently, a black solid powder
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was produced and thoroughly rinsed with deionized water and 1 M hydrochloric acid until the pH was
neutral. Finally, the powders were dried for 12 hours at 60 °C, yielding activated carbon samples,
referred to as AC [34].

Preparation of raw Allium sativum plant extract

Fresh Allium sativum collected from Tokha-03, Kathmandu, was rinsed with tap water and deion-
ized water to remove external contaminants. Subsequently, approximately 5 g of Allium sativum was
ground into a fine paste, and the paste was mixed with 100 mL of deionized water under continuous
stirring and boiling at 70 °C for 30 minutes. Subsequently, a Whatman No. 40 filter paper was used to
filter and refine the solution. The filtrate was stored in the refrigerator for subsequent use.

Synthesis of copper oxide nanoparticles via Allium sativum extract

First, 1 M cupric nitrate solution was prepared by dissolving 1 g of cupric nitrate in 80 mL of
deionized water. Subsequently, 20 mL of Allium sativum extract was added to the mixture. The
mixture was then stirred at 300 rpm at 70 °C under boiling conditions for two to three hours. The
change from a blue-coloured solution to a deep green colour indicates the formation of CuO
nanoparticles. The reaction mixture was then centrifuged and cleaned using deionized water and
ethanol. The CuO nanoparticles were then dried overnight at 80 °C in a hot air oven. Subsequently,
the heat treatment was performed in a muffle furnace at 400 °C for 3 h to remove volatile impurities
and intercalated water molecules [17].

Synthesis of CuO impregnated activated carbon composite electrocatalyst

For the preparation of the copper oxide impregnated activated carbon nanocomposite, 80 mL of
DI water and 20 mL of Allium sativum extract were mixed with 1M cupric nitrate salt. Under
continuous stirring, 1 g of activated carbon was carefully weighed and gently mixed into the solution.
The reaction mixture was then boiled at 70 °C for 2 hours until the solution changed from bluish to
dark greenish-black. The mixture was then centrifuged and washed with deionized water and
ethanol. Subsequently, the sample was dehydrated overnight at 80 °C in a hot air oven. Finally,
calcination was carried out in a muffle furnace at 400 °C for 3 hours. The resulting greenish-black
solid nanocomposite powder was obtained and used for further characterization [35,36].

Physicochemical characterization

An X-ray diffractometer with monochromatic Cu-Ka radiation (D2 phase Diffractometer, Bruker,
Germany) scanned at 28from 20 to 80°, was used at the Nepal Academy of Science and Technology
(NAST) to investigate a powdered sample of CuO nanoparticles and their nanocomposite. Fourier
transform infrared spectroscopy (FTIR) was used to characterize powder samples of metal
nanoparticles and their nanocomposite (Llantrisant, UK. Model PEFTIR) at Amrit Science Campus
(ASCOL), at 4000 to 400 cm™* wavenumbers for the identification of the chemical fingerprints. The
powder sample was placed in the cuvette and mounted on the device stage for the IR beam to pass
through it. The transmitted light is measured, and a spectrum is generated. The morphological and
structural characteristics of the sample were examined using a Zeiss Co., Germany Supra 40 VP
equipment at Jeonbuk National University’s Center for University-Wide Research Facilities (CURF).
For FESEM imaging, a sample in powder form was utilized. Energy-dispersive spectroscopy (EDS)
was used to examine the elemental composition of the catalyst.
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Electrochemical characterization

At room temperature, the produced materials were electrochemically characterized using a poten-
tiostat/galvanostat electrochemical analyzer (VersaSTAT, AMETEK Inc., USA). A graphite rod served as
the counter electrode, and Ag/AgCl as the reference electrode. The electrolyte used in all electro-
chemical tests was 1M KOH. A solid powder (approximately 5 mg) of the electrocatalyst loaded on nickel
foam (1x1 cm?) was used for the hydrogen evolution reaction and the oxygen evolution reaction. The Ni
foam serves as a substrate due to its low cost, high efficiency, excellent electrical conductivity, robust
mechanical strength, and binder-free capacity to retain active materials [37]. Moreover, the structure
of Ni foam has a large surface area, which facilitates electrochemical reactions [38]. Three-electrode
setups were used for individual HER/OER studies, and each electrocatalyst was activated by
performing 50 cycles of cyclic voltammetry within a defined voltage range. The linear sweep
voltammetry (LSV) measurements were done at a scan rate of 2 mV s, and the resulting polarization
curves are plotted after IR correction using the equation (Ejr-corrected = E(v vs. RHE) - IRs). Here, I represent
the current, and Rs denotes the equivalent series resistance. The alternating current used in
electrochemical impedance spectroscopy (EIS) measurements was applied at an amplitude of 5 mV
over a frequency range of 100 kHz to 0.001 Hz. The electrochemically active surface area (ESCA) of the
electrocatalyst was calculated from cyclic voltammograms (CVs) recorded at scan rates between 20
and 100 mV s over the potential range 1.125 to 1.225 V vs. RHE. A linear relationship was observed
when plotting the scan rate against the difference between the anodic and cathodic currents (/anode -
- lcathode), and the resulting slope indicates the electrochemical double-layer capacitance (Cq). The
overall ESCA of the electrocatalyst is calculated as the ratio of Cqito the specific capacitance of the flat
surface (Cs).

Results and discussion

The current study aims to synthesize a nanocomposite of a transition-metal oxide impregnated
in a biomass-derived porous carbon matrix via a simple, green approach. The approach involves
designing a low-cost, high-catalytic-activity CuO on a conductive AC framework for the development
of an efficient, stable, and economical water-splitting electrode via a green synthesis method.
Inspired by the key electrocatalytic properties of CuO nanoparticles and the activated carbon
support, a comprehensive approach to material synthesis, structural characterization, and electro-
chemical assessment provides new insights into the development of advanced electrocatalysts for
green hydrogen production. The rich active sites are anticipated at the interface between the porous
activated carbon framework and the dispersed CuO nanostructure, resulting in a CuO@AC
nanocomposite (Figure 1).
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Figure 1. Schematics showing the synthesis and potential applications of CuUO@AC nanocomposite
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The composite comprises activated carbon as a conductive support and electron reservoir, along
with catalytically active CuO NPs, providing synergistic interactions that enhance electron transfer,
improve H20 adsorption/desorption, and activate bifunctional catalytic efficacy [28,39]. Hence, the
intuition behind the composite CUO@AC nanomaterial lies in the synergistic effect, where the
activated carbon creates high conductivity, a sufficient surface area, and a porous framework, thus
providing an ideal environment for CuO to perform optimally and overcome its inherent electro-
catalytic limitations [24,33].

Morphological characterization

The overall morphology, relative size, and dispersion of the as-synthesized CuO-NPs and
CuO@AC nanocomposite were examined using FE-SEM analysis. Additionally, the chemical
composition, elemental proportions, and distribution were investigated using energy-dispersive X-
ray (EDX) colour-mapping images and spectra (Figures 2 and 3) [40]. The copper oxide nanoparticles
appeared to have a well-defined texture, with irregular, clustered structures of various shapes and
sizes (Figure 2a to 2c). The images in Figure 2a show the overall surface quality of the highly
dispersed CuO nanomaterial. Furthermore, the high-magnification FESEM images in Figures 2b and
2c¢ highlight the distinct morphological features of the material, including a rough, sphere-like
structure and a porous configuration, along with a broader size range.
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Figure 2. (a-c) field emission scanning electron micrographs of CuO-NPs from lower to higher
magnifications. (d-h) FESEM-EDS analysis: (d) live mapping, (e) elemental overlay image, (f) oxygen,
(g) copper, (h) EDS spectrum and quantitative results. The white stripe indicates the scale bar

6 (co) X



T. Bhandari et al. J. Electrochem. Sci. Eng. 16 (2026) 3012

The elemental mapping images of the CuO nanomaterial shown in Figures 2d-h confirm the presence
of all the constituent elements (Cu and O) along with their measured ratio (inset of Figure 2h).

Similarly, the microstructural analysis and elemental composition of a specific region of the CUO@AC
nanocomposite powder are presented in Figure 3. The nanostructure at low magnification is shown in
Figure 3a, which depicts a surface covered with clusters of nanostructures exhibiting a rough, irregular,
discrete, rubble-like morphology. The high-resolution FESEM images of the CUO@AC nanocomposite in
Figures 3b and 3c are characterized by an irregular, blocky, or clumpy morphology resembling a mound
of rubble. These structures are composed of numerous nanochunks and rugged, uneven surfaces
arranged in a layered, cross-linked fashion radiating from the central core. The FESEM-EDS elemental
mapping analysis of CUO@AC, as shown in Figure 3d-h, verifies the existence of each component
element, including copper (Cu), oxygen (O), and carbon (C) as the major constituents of the prepared
sample. The sharp peaks of EDX indicated in Figure 3i of the synthesized CUO@AC nanocomposite
verify the existence of each component element in addition to their calculated composition, whereas
a small amount of zirconium (Zr) in the sample was observed due to the impurities of metal used or
contamination due to environmental effects in the prepared sample. The presence of a carbon peak
in the prepared sample confirms the incorporation of carbon into the copper oxide nanoparticles
during incineration and pyrolysis. Overall, the material's surface features indicate successful
nanoarchitectonics of rubble morphology, with a homogeneous distribution of specific elements
across the sample surface. Thus, the morphological characterization revealed increased porosity,

interconnected nanorubbles, and a broad size distribution, indicating the potential of the biomass-
derived activated carbon (BAC)- entwined copper oxide nanocomposite (CuO@AC) for electrocatalytic
energy conversion processes such as HER, OER, and water splitting [6,30].

C
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Figure 3. (a-c) Field emission scanning electron micrographs of CuO@AC composite from lower to higher
magnifications. (d-i) FESEM-EDS analysis: (d) live mapping, (e) elemental overlay image, (f) carbon,
(g) oxygen, (h) copper, (i) EDS spectrum, and quantitative results. The white stripe indicates the scale bar
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Crystallographic study

XRD analysis of the samples was conducted to characterize the crystallographic properties of the
resulting nanomaterials, serving as a non-destructive analytical method for identifying phases and
unit-cell dimensions. Figure 4a shows the XRD patterns of the synthesized CuO and CUO@AC nano-
materials intended for electrochemical applications. The main diffraction peaks appeared at 26
values of 32.4, 35.4, 38.7, 46.2, 48.7, 53.4, 58.3, 61.5, 65.7, 66.2, 67.9 and 72.4°, corresponding to
Miller indices of (-110), (002), (111), (200), (-112), (202), (-113), (022), (-311), (113), (-220) and (311).
The diffraction pattern also displayed two reflections at 26=35.4° (002) and 26 = 38.4° (111), indi-
cating the formation of the monoclinic crystal phase of CuO. The lattice parameters are
a=0.46853 nm, b=0.34257 nm and ¢ =0.51303 nm; these values align well with the standard JCPDS
No. 00-041-0254 [17,35,41]. Lattice parameters are determined from XRD data by analysing the
diffraction angles using Bragg’s law and the Miller indices of the crystal planes. The measured
interplanar spacings (d) are related to the unit-cell dimensions, thereby allowing calculation of the
lattice constants [42]. Additionally, the crystal structure and phase composition of the copper oxide-
entwined activated carbon (CUO@AC) nanocomposite were confirmed through XRD analysis, as
evidenced by the orange coloration in Figure 4a. The prominent peaks at 32.46, 35.46, 38.74 and
48.91° closely match the crystal planes of a monoclinic phase of CuO (JCPDS No. 00-041-0254). Extra
peaks observed at 26 angles between 20 to 30° (corresponding to the 002 plane of graphitic carbon)
and 40 to 50° (related to the 100 plane) strongly support the formation of a nanocomposite of CuO
intertwined with activated carbon [34,36,41]. The multiple intense peaks in Figure 4a provide
evidence for the successful fabrication of each expected crystalline phase, reflecting the overall
composition and structural integrity of the nanomaterials.

CuO@AC CuO@AC
a —CuO b ——Cu0
%* AC

Intensity, a.u
Transmittance, a.u

10 20 30 40 50 60 70 80 4000 3500 3000 2500 2000 1500 1000 500
20/° Wavenumber, cm™?

Figure 4. (a) XRD patterns and (b) FTIR spectra of CuO and CuO@AC nanomaterials

Spectroscopic study

The analytical configuration regarding the bonding and associated groups present in the nano-
materials (CuO and CuO@AC) was investigated using Fourier transform infrared (FTIR) spectroscopy
at the wavelength range 4000 to 400 cm™ (Figure 4b). The vibrational properties of CuO-NPs showed
that the C-O stretching vibration is frequently linked to the absorption band at 1116.03 cm™,
particularly of alcohols. The additional prominent bands around the fingerprint region, around 400
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to 600 cm, correspond to the Cu-O molecular fingerprint regions (Figure 4b). The broad vibrational
properties of CUO@AC at 1000 to 1200 cm™ are typically related to the C-O stretch, signifying the
inclusion of biomass-derived carbon and formation of oxide during the activation process.
Moreover, the most significant peaks at lower wavenumbers (400 to 600 cm™) can be attributed to
Cu(I1)-0 bond vibrations (Figure 4b) [34,36,43].

Electrochemical HER study

To definitively assess the intrinsic electrocatalytic performance, we performed linear sweep
voltammetry (LSV) on the electrode materials produced at a scan rate of 2 mV s for the hydrogen
evolution reaction (HER). The IR-corrected polarization curves are shown in Figure 5a. The IR
correction aims to use the solution resistance (Rs) value for each electrode obtained using EIS to
correct the electrode potential [30]. The overpotential was then calculated to reach the standard
current density of 10 and 50 mA cm™. Figure 5b illustrates the overpotential (nuer) for CuO-NPs
estimated from the LSV polarization curve, which was 218 mV at a current density of 10 mA cm™
and 315 mV at 50 mA cm™. In the meantime, to attain the current density of (10 and 50) mA cm,
the composite CUO@AC electrode needed an overpotential of 137 and 232 mV, respectively. The
activated carbon (AC) exhibits no remarkable HER activity, with an overpotential of 380 mV at
10 mA cm. Thus, the result shows that the CUO@AC has much more catalytic efficacy than the
pristine CuO-NPs and AC catalysts, with good performance compared to that of the commercial
Pt-C catalyst (Figure 5a-b). These excellent results are due to increased charge transfer, improved
reaction kinetics, the formation of a more intense interface, and effective ion transport into sites
and interfaces [44]. Moreover, the HER kinetics for the rate-determining step of the hydrogen
evolution reaction were investigated using Tafel plots and Tafel slope values (Figure 5c), which were
derived from the Tafel equation, n=a + b log J (b is Tafel slope, a is constant/Tafel intercept and J is
current density) [16]. It was found that CUO@AC has the lowest Tafel slope value (94 mV dec?),
compared with commercial Pt-C, CuO-NPs, and AC electrodes (137, 109, 224 mV dec?, respectively).
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S 50 mA cm? >
< 1004 € 300 J s 10 MA cm™? > 0.3 109 mV dec”
€ = I 50 mA cm? S
2 150 2 2501 =
£ = -2 0.21
5 c
5 2004 2 94 mV dec”
= AC g o
g 201 ] -@-AC
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3 3004 —cuo@ac 0.0 137 mV dec ~@-CuO@AC
—Pt-C —@-Pt-C
-350 - T . T T
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Figure 5. Three-electrode HER/OER study at denoted electrocatalysts; (a) LSV polarization curves for HER
after IR correction, (b) corresponding overpotentials, and (c) Tafel plots, (d) LSV polarization curves for OER
after IR correction, (e) corresponding overpotentials, and (f) Tafel plots
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A larger Tafel slope indicates a slower reaction rate at the electrode-electrolyte interface; this leads
to an increase in overpotential, since HER requires a high activation energy [45]. CUO@AC in an
alkaline medium has a reduced Tafel slope value, indicating that the Volmer-Heyrovsky mechanism
is in charge of processing HER. A specific electrochemical condition is suggested based on the
intermediate Tafel slopes involving the Volmer mechanism (proton adsorption - dissociation of a
water molecule on the catalyst surface, releasing adsorbed hydrogen and hydroxyl group) and the
Heyrovsky mechanism (hydrogen recombination - release of H, molecule by combining solvated
protons from electrolyte) [6,10].

Electrochemical OER study

We used LSV to examine the OER catalytic efficacy of the synthesized electrocatalyst at a sweep
rate of 2 mV s, and the IR-corrected polarization curves are shown in Figure 5d. The OER overpoten-
tial (noer) calculated from polarization curves at different current densities is plotted in Figure 5e [44].
The overpotential of individual electrocatalyst showed that CUO@AC, CuO-NPs, commercial RuO2, and
AC required an overpotential of 194, 219, 271 and 417 mV, respectively, to achieve a current density
of 10 mA cm™2. Similarly, an overpotential of 308 mV for CUO@AC, 343 mV for CuO, 391 mV for com-
mercial RuOz and 509 mV for AC, respectively, was required to obtain a current density of 50 mA cm™
(Figure 5e). The results demonstrated that CUO@AC is catalytically more efficient than alternative
pristine electrocatalysts and the commercial RuO; because the supporting CuO nanoparticle on AC
provides numerous accessible active sites, and well-dispersed nanoarchitecture [34,41]. Tafel slope
analysis was also used to evaluate the OER kinetics of electrode materials (Figure 5f). The Tafel slopes
for CUO@AC, AC, CuO-NPs, and RuO; were calculated to be (67.9, 78.4, 68.7 and 75.7 mV dec?),
respectively. The Tafel slope of CUO@AC is the lowest among all synthesized materials, indicating
superior performance in the OER pathway. This advantage arises from its efficient electrode kinetics,
which enhance the interaction between the electrode and electrolyte, facilitated by a porous surface
architecture [34,36].

Electrochemical impedance spectroscopy, cyclic voltammetry, double-layer capacitance and
electrochemically active surface area analysis

Electrochemical impedance spectroscopy (EIS) measurements were carried out to elucidate the
interfacial nature and capacitive behaviour of electrocatalysts in the active state, the charge-transfer
process, and the electrochemical reaction kinetics. Figure 6a-b represents the resulting corresponding
Nyquist plots (inset: equivalent circuit employed to model the impedance responses and the enlarged
EIS plots) measured at the specific potential of the electrode at a fixed current density of 10 mA cm™
during the HER and OER process, respectively [6]. Figure 6a-b depicts that the charge transfer
resistance (Rq) for AC is highest among the other counterparts. A lower R« value for the CUO@AC
composite electrode than for the other control sample suggests a larger electrocatalytic surface area
and improved charge transfer within the catalyst, resulting in significantly increased catalytic activity
for HER and OER. Moreover, a lower solution resistance (R;) for all electrocatalysts signifies minimized
internal resistance, improved electrical conductivity, and a strong electronic interface between the
catalyst and the electrode. Thus, the lower resistance at the electrode-electrolyte interface for
CuO@AC indicates fast electron-transfer kinetics, a high charge-transfer rate, and a surface-capaci-
tance feature, leading to enhanced overall reaction kinetics [10,13].

The double-layer capacitance (Cqi) was calculated based on the cyclic voltammetry approach at
various scan speeds between 20 and 100 mV s, based on the non-Faradaic potential window (1.12
to 1.24 V vs. RHE) as shown in Figure 6¢c-e. The capacitive current extracted from cathodic and anodic
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sweeps in CV plots was used to assess the electrical double layer capacitance (Ca) of the
electrocatalysts [40]. The Cq values calculated as linear fit to data points for CUO@AC, CuO, and AC
were 2.49, 0.223 and 0.135 mF cm?, respectively (Figure 6f).

80

204

-0.2 4

20l q = B C AC
b .
: 50 o E
£ s <
1504 - w0 e < ozl
G o y
~ —a—Cuo a ——Cuo z
N 100] —g=CuO@AC A >~ 301—e—cCuo@Ac T 2 oo
——AC S = N —9—AC 3
c
[}
£
>
o

Scan rate, ——40

-0.4 4

0 50 100 150 200 0 10 20 3 40 5 60 112 144 116 118 120 122 124
Z/Q Z/Q Potential, V vs. RHE
20
Cu0Q

1.0 CuO@AC
~ d N C @ o 0421 f
§ 05 5§ § 0.35
< < 104 < CuO@AC
S g £ 0.30 g cﬁo@
z Zz 59 Z 0244 @ AC
2 2 2 2.49 mF cm?
g 051 g o] g 0184 49 mE em
2 - £ 012l 0.223 mF cm?
S -104 — 20 § 5 — e 0.135 mF cm?
5 Scan rate, gg 5 Scan rate, — 40 5 0.06
(8] -1 — O 10 4 g =00 (S}

154 mvs?t g0 mvsT g 0.00

—100 .5 ——100 -
112 114 116 118 120 122 124 192 114 116 118 120 122 124 20 40 60 80 100
Potential, V vs. RHE Potential, V vs. RHE Scan rate, mV st

Figure 6: Nyquist plots of denoted electrocatalysts for (a) HER, (b) OER, (c) CVs at different scan rates of AC,
(d) CuO, (e) CuO@AC, (f) current density (j) vs. scan rate and calculated Cyvalues

Higher Cq values corresponded to higher ECSA, and as a result, the ECSA of the electrodes are in
the order: CUO@AC > CuO-NPs > AC. The CUO@AC composite exhibits a higher ECSA than the
corresponding pristine electrode, indicating greater catalytic effectiveness due to the increased
number of catalytic sites [16]. Therefore, the catalytic efficiency of the CUO@AC, which is developed
as an electrocatalyst, is expected to surpass that of the other materials.

Stability analysis and comparison with other works

The long-term stability of the CUO@AC catalyst was subsequently evaluated through accelerated
durability testing, involving continuous cathodic (HER) and anodic (OER) current applications at
50 mA cm2. The chronopotentiometric (CP) analysis was conducted for approximately 12 hours in a
three-electrode setup for individual HER and OER processes (Figure 7a).
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Figure 7: (a) chronopotentiometry stability test of CuUO@AC for HER and OER; (b) comparison of recently
reported Cu-based electrocatalysts for HER and OER
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The steady potential responses at a constant current of 50 mA cm2 demonstrated the robustness
of the electrocatalyst during prolonged operation for both HER and OER studies. Figure 7b compares
the overpotential measured for CUO@AC with that of recently reported Cu-based electrocatalysts
at 10 mA cm? in alkaline media. The results showed performance comparable to that of the
reported electrodes, highlighting their superior efficacy [46-55].

Conclusions

In this work, we present a novel method for synthesizing biomass-derived activated carbon infused
with CuO nanoparticles for efficient green hydrogen production via water splitting. The environment-
tally friendly synthesis of these copper oxide nanoparticles utilized Allium sativum extract and corncob
biomass-derived activated carbon, ensuring a cost-effective and sustainable process with minimal
hazardous chemicals. Structural and morphological characterization confirmed the properties of the
well-synthesized nanomaterials. Moreover, the electrochemical performance of the CuO@AC
composite was superior to that of CuO-NPs and AC for both HER and OER. CuO-NPs@AC exhibited
lower overpotential (137 mV at 10 mA cm™) and Tafel slopes (94 mV dec), indicating better catalytic
activity than other contemporary pristine CuO-NPs and AC. Hence, the CuO@AC electrocatalyst
exhibited low overpotential in symmetric water electrolysis and high efficiency, making it a promising,
low-cost alternative for effective water electrolysis and green hydrogen production. This research
could contribute significantly to sustainable energy technologies, promoting a net-zero emissions
future for Nepal.
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