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Pt–V catalysts promote efficient
methanol oxidation in carbon nanotubes†

Muhammed Bekmezci, ac Hasan Donat Yildizay,*b Busra Kokogluab

and Fatih Sen *a

In parallel with the developments in the field of energy, research on fuel cells, a renewable energy source,

has accelerated. At this rate, the catalysts developed for fuel cells are of great importance. In this study,

Platinum (Pt) and Vanadium (V) nanomachines supported on Multi-Walled Carbon Nanotubes (MWCNT)

were successfully synthesized by the chemical reduction method, as it is a fast method. Alkaline medium

was preferred as the buffer solution for the catalysts used in the methanol oxidation reaction (MOR). The

morphology, particle size, and composition of the synthesized PtV@MWCNT catalysts were analyzed by

Transmission Electron Microscopy (TEM), Scanning Electron Microscope (SEM), Raman Spectroscopy,

and X-ray Diffractometer (XRD). The particle size of the PtV@MWCNT structure was measured as

4.40 nm and the crystallite size as 1.49 nm according to the Debye–Scherer equation. The MWCNT-

supported bimetallic nanocatalysts showed 40.72% higher electrochemical activities compared to the

monometallic V catalyst at ambient temperature, with MOR activity higher than that of the Pt structure.

The catalytic activity of the PtV@MWCNT nanostructure was times higher than that of the PtV structure.

Finally, the high catalytic activity, increased durability, and improved stability of PtV@MWCNT make this

catalyst emerge as a promising electrocatalyst for the development of direct alcohol fuel cells. This study

yielded innovative results demonstrating the activity of metal V-based bimetallic catalysts in the catalysts

required for MOR. The research is highly valuable for fuel cell applications.
1. Introduction

Energy is an important element of development for the world
economy.1 Creating a global sustainable energy system to
protect our environment is one of the most important chal-
lenges facing humanity. With the onset of the Industrial Age,
carbon dioxide (CO2) emissions have increased signicantly to
the present day. While the CO2 rate in the atmosphere was
278 ppm in the 1750 s, it increased by 50% to 417 ppm by 2022.2

This is generally due to energy production methods. Accord-
ingly, it also brings with it signicant environmental
problems.3–5 Therefore, the production and consumption of
energy have emerged as signicant global concerns.6 For this
reason, alternative energy sources have become more remark-
able than before, as pollution caused by fossil fuels causes an
energy crisis.7,8 Despite the increase in global electrical energy
demand, the production of fossil fuels is expected to decrease
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signicantly by 2050 due to the shi towards renewable energy.9

As we go toward renewable energy, nanostructures are
becoming increasingly signicant.10 While wind energy, solar
energy, and hydroelectricity are important branches of renew-
able energy, each still has signicant constraints.11 In addition,
fuel cells are an important solution to the energy crisis
surrounding the world.12 Fuel cells are one of the renewable
clean energies of the future. Among renewable energy sources,
fuel cells are recognized as a promising energy source with
advantages such as high specic energy density, low cost, and
high operating efficiency.7,8 Having an electrochemical method,
the fuel cell is a power conversion device that converts chemical
energy into electrical energy by oxidation of a fuel (at the anode)
and a corresponding reduction of oxygen gas (at the
cathode).13,14 There are a variety of fuel cells available, the most
common being solid oxide fuel cells (SOFC), molten carbonate
fuel cells (MCFC), and proton exchange membrane fuel cells
(PEMFC).15 Another important type is direct methanol fuel cells
(DMFCs). This fuel cell is a type of clean energy conversion
device that provides a solution to environmental concerns
worldwide.16

Transition metal nanoparticles are frequently used to
improve the catalytic properties of fuel cells.17 Among these
metals, the one that attracts the most attention is platinum
(Pt).18 Platinum is a structurally ideal catalyst for the methanol
© 2025 The Author(s). Published by the Royal Society of Chemistry
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oxidation reaction (MOR).19 Also, diverse free-standing and
supported ternary Pt-based catalysts exhibiting distinct
morphologies (e.g., nanodendrites, nanowires, and nanocubes)
and compositions (e.g., alloy, core–shell, and intermetallic) have
been developed for the methanol oxidation reaction (MOR). The
morphology and composition inuence the MOR activity.20

Understanding the interaction between alcohols and metal
electrocatalysts is crucial for MOR. Formaldehyde, formic acid
and carbon dioxide are the primary products produced during
the methanol oxidation reaction.21 A high H2 production rate in
electrolysis can be achieved through the complete oxidation of
methanol to CO2. This is because a greater number of electrons
(6e−) are involved for the complete reaction compared to the
other products (2e− and 4e−, respectively). The reaction kinetics
are shown in eqn (1). As indicated by MOR, the catalyst is also
very important. Research into reducing the cost of Pt will allow
the development of cost-effective fuel cell systems.22–24

CH3OH + 2OH− / CH2O + 2H2O + 2e− (1a)

CH3OH + 4OH− / HCOOH + 3H2O + 4e− (1b)

CH3OH + 6OH− / CO2 + 5H2O + 6e− (1c)

Carbon supports such as carbon black, graphite nanobers,
and carbon nanotubes (CNT) are oen incorporated into the Pt
structure.25 The use of carbon (C)-based nanostructures is also
particularly valuable in electrochemistry.26,27 However, its use as
a C derivative, multi-walled carbon nanotube (MWCNT), has
generated great interest in fuel cell applications.28 Thesematerials
are as cost-reducing and energy-transfer efficient as polymers,
ceramics, or other carbon derivatives. It has properties such as
high conductivity, specic surface area, porosity, and good
dispersion. MWCNT, the best catalyst support material compared
to many others, has better corrosion resistance.29 MWCNTs show
a high electrocatalytic activity and a high resistance to CO
poisoning.30 As a result of all these properties, MWCNT has
increased its use as an excellent electrode support for fuel cells
due to its stability in alkaline and acidicmedia.31 For example, one
study synthesized PtPdCu nanodendrite (PND) structures and
found them to exhibit a dense array of branches, open corners,
interconnected pores, and high surface area. The methanol
oxidation reaction (MOR) mass activity of PtPdCu PNDs (3.66 mA
per mgPt) was reported to be 1.45, 2.73, and 2.83 times higher than
that of PtPd PNDs, PtCu PNDs, and commercial Pt/C, respectively,
based on the equivalent Pt mass. The study highlighted the
formation of a structure resistant to CO poisoning.32

At the same time, from a chemical point of view, the main
method to overcome the problems such as low electrocatalytic
activity in electrochemical is the use of bimetallic catalysts.33

Alloying Pt with cheaper transition metals such as nickel,
cobalt, copper, and iron has created not only lower Pt content
but also higher methanol oxidation activity.11,19 At the same
time, cathode catalysts such as Pt–Ni or Pt–Co are among the
bimetallic catalysts used in fuel cells.35 The metal (Ni or Co)
dissolves and leaches from the surface layer into the acid elec-
trode, leaving behind a Pt top layer.36 Vanadium (V) can also be
© 2025 The Author(s). Published by the Royal Society of Chemistry
considered a metal that has a good synergy with Pt. Vanadium
oxide nanotubes (VOx-NTs) are of particular interest because of
their morphology with four different contact sites and many
functionalities.37 Compared to carbon nanotubes (CNTs), VOx-
NTs are more easily accessible to pure products at low
temperature and have much higher reactive activity due to the
abundant defects on their surface.38 Extensive work is being
done in areas such as VOx, gas sensing, and catalysis. Their
variable electronic structure and chemical reducibility are
remarkable.39 It has a signicant effect on electrical conduc-
tivity and catalytic activity. In recent years, signicant progress
has been made on these species.40

In DMFC technology, it can lead to poisoning of active sites
caused by toxic CO-like intermediates adsorbed on the catalyst
surface.41 These shortcomings signicantly hinder the
commercialization of DMFC technology.10,16 Instead of Pt,
catalysts made of more widely available, cheap elements can be
used. But, due to the acidic and oxidizing environment of
PEMFC, few thermodynamically stable elements are available.
Although the activities of these elements are close to or better
than Pt, its generally exhibit lower electroactive properties due
to their low resistivity or low active site density.42 Due to such
factors, instead of replacing Pt, it is aimed to improve Pt activity
or to support it with different metal groups.43 Accordingly, V
with bond energies of about 500 kJ mol−1, respectively, was
preferred as the second element to be added to Pt to investigate
the activity of the catalysts during the methanol oxidation
process.44 Also, the interplay between the catalyst and the
support material is a crucial determinant inuencing the effi-
cacy of the oxygen reduction reaction (ORR). The interactions
established between the Pt nanoparticles and the MWCNT
support surface, which includes V, provide dynamic interfaces
akin to Pt–OH–H2O–V@MWCNT. This structure modulates the
binding of reaction intermediates and enhances ORR kinetics
by promoting proton transport. Consequently, the support

material functions both as a carrier and as an integral compo-
nent of the active interface.45

This study investigates the effects of V metal on the catalytic
activity of PtV@MWCNT in the oxidation of methanol. Therefore,
Pt, V, and PtV structures were also studied separately. The elec-
trocatalytic properties of the synthesized nano catalysts were
investigated by cyclic voltammetry (CV). The phase morphology,
composition, and structural properties of the prepared catalysts
were investigated. Important ndings were obtained in terms of
both affordable cost and high stability of the catalyst obtained.
This study has revealed very important results in terms of
demonstrating the usability of V metal in different catalyst
applications and gaining more place in the application.
2. Materials & methods
2.1. Materials

Platinum tetrachloride (PtCl4), vanadium(III) chloride (VCl4),
sodium borohydride (NaBH4), multiwalled Carbon nanotube
(MWCNT), dimethylformamide (DMF-99%), and L-ascorbic acid
(99%) were obtained from Sigma-Aldrich and Naon D-521 Alfa
RSC Adv., 2025, 15, 27848–27863 | 27849
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Aesar. All purchased chemicals were of high purity and were
used without any purication process.

2.2. Synthesis of Pt, PtV, and PtV@MWCNT nanostructure

As the rst step, the synthesis phase was started with the
chemical reduction method. The synthesis was carried out
according to the literature. Briey;34 Pt–V/MWCNT nano-
composite was synthesized via chemical reduction using
sodium borohydride (NaBH4) as a reducing agent in the pres-
ence of multi-walled carbon nanotubes (MWCNTs) as a support
matrix. In a typical synthesis, stoichiometric amounts of 10 mM
PtCl4 and 10 mM VCl4 were diluted in deionized water. Then,
MWCNTs were added to the metal precursor solution under
nitrogen atmosphere. A well-cooled unit was installed in the
Schlenk system. The cooling water inlet temperature was 20 °C.
It was anticipated that the rapid reduction ability of NaBH4

would facilitate the immediate nucleation and deposition of
metallic Pt4+ and V4+/V5 species on the MWCNT surfaces.
NaBH4 was added to the system at a concentration of 0.1 M.
Stirring was continued for 2 hours to ensure sufficient adsorp-
tion of the Pt4+ and V4+/V5+ species onto the nanotube surfaces.
The reaction mixture turned from yellow-brown to black, indi-
cating that the reduction was successful. Stirring was continued
for another 2 hours at room temperature to complete the
reaction. The mixture was then sonicated in a sonication bath
for 30 min to reduce agglomeration. Aer this process, the
mixture was centrifuged at 5000 rpm. The process was also
washed 3 times with dH2O to remove unwanted compounds in
the medium. It was dried at ambient temperature for 24 hours.
The synthesis and characterization stages are expressed in
Scheme 1.

2.3. Electrochemical characterization

A potentiostat/galvanostat was used for electrochemical anal-
ysis in the study (Gamry Reference 3000). A standard three-
electrode system was used for electrochemical experiments.
Platinum plate counter electrode, Ag/AgCl reference electrode,
and glassy carbon (GCE) working electrode constitute this
electrode system. Before electrochemical experiments, the
Scheme 1 Nanoparticles synthesis and characterization stage.

27850 | RSC Adv., 2025, 15, 27848–27863
working electrodes were subjected to ultrasonication for
30min. Then, the GCE surface was polished with 0.1 mm, 0.5 mm
and 1 mm slurry of alumina and washed with 70%methanol and
then with distilled water. This process was applied to the GCE
surface before each experiment. At the same time, the ohmic
resistance of the working electrode was measured using
a manual multimeter. For each GCE optimization, the modi-
cation method was applied by drop casting (10 mL). Before each
application, the mixture was vortexed to eliminate precipita-
tion. A modication solution was prepared for this modication
process. Briey,46 10 mg NP powder, 500 mL dH2O, 37.5 mL
Naon D-521, and 75 mL DMF were added to the modication
solution and then sonicated for 30 minutes. Aer this, the
prepared three-electrode system was used to take measure-
ments for cyclic voltammetry (CV), and impedance (EIS).
Measurements were performed in the potential range from
−0.8 V to 0.2 V using 1 M KOH solution containing 1 M CH3OH.
In addition, to evaluate the activity of the catalyst at different
scan rates, it was also evaluated with increasing scan rate (SR)
by electrochemical measurement method. Measurements were
carried out at scan rates of 50 mV s−1, 100 mV s−1, 150 mV s−1,
200 mV s−1 and 250mV s−1 in 1 M KOH solution containing 1M
CH3OH.
2.4. Material structure characterization

The Transmission Electron Microscope (TEM – JEOL 1220 JEM)
was operates 120 kW with a tungsten electron source and
aperture size 50×–20 000×, X-ray diffraction (XRD – Rigaku
Miniex), Scanning Electron Microscope (SEM – QUANTA
400F), and Raman Spectrometry (Raman – Renishaw inVia)
lasers: 532 nm, 735 nm devices were used to characterize the
obtained nanostructures.
3. Results & discussion
3.1. Material characterization

The nanostructure obtained was characterized through TEM
analysis. The concentrations of Platinum (Pt), Vanadium (V),
and platinum–vanadium@multiwalled carbon nanotube
(PtV@MWCNT) were determined separately. As demonstrated
in Fig. 1, TEM clearly shows all three structures. The Pt NPs
structures obtained were spherical and approximately 7.91 nm
in size.47 The uniformly distributed structures were generally far
from the agglomerate. The rod form was observed in the V NPs
structure because of chemical reduction and temperature
adjustment. The V rods had a diameter of 3.59 nm.48 V-rods can
be said to have partial agglomered zones.48 A different structure
was observed in the forms produced using MWCNT, with
a particle size of 4.40 nm. Likewise, the synthesis involving
MWCNT revealed the existence of tubular structures. The
transmission electron microscopy (TEM) data reveals that the
distribution of Pt and V nanoparticles on the surface of multi-
walled carbon nanotubes (MWCNTs) is partially even. The
particles attached to the surface of MWCNTs are nearly spher-
ical, enabling the estimation of their average size. The presence
of partial Agromere in certain regions is believed to be a result
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 TEM images and particle distribution histogram graphs of
particles obtained by chemical reduction method, (a) Pt NPs, (b) V NPs,
(c) PtV@MWCNT NPs.
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of temperature regulation during synthesis.49 The synthesis
stage, a crucial step in the study, was conducted in accordance
with the literature, as evidenced by the TEM graph. XRD was
employed as the second method of material characterization in
the study.

The D and G bands observed in the spectrum of carbon
nanotubes in Raman spectroscopy provide important informa-
tion about the structural properties and chemical interactions
of the material. The D band is located in the 1300–1350 cm−1

range and is associated with defects or distortions in the
structure of carbon nanotubes. This band reects deviations of
sp2 carbon atoms from the regular graphite structure, surface
defects, edge effects, or interactions with heteroatoms. A higher
D band intensity indicates an increase in the defect rate of the
sample.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The G band is located in the 1500–1600 cm−1 range and
represents the ordered graphite structure of sp2-hybridized
carbon atoms. This band denes the regular hexagonal lattice
and crystal structure of carbon nanotubes. Shis in the position
or intensity of the G band indicate a change in the chemical
environment or bonding state of the material. Interactions with
metal atoms or the formation of hybrid bonds can lead to shis
in the energy of this band. In the PtV@MWCNT compound, the
observed positions and intensity ratios (ID/IG) of the D and G
bands reveal the structural properties of carbon nanotubes and
the degree of interaction with metal atoms. V and Pt can affect
the graphite structure by forming chemical bonds with the
surface of the nanotubes. These interactions lead to an increase
in the intensity of the D band, while shis or intensity changes
can be observed in the G band. Such shis are due to effects
such as the disruption of sp2 carbon structures or the direct
binding of metal atoms to carbon atoms. It can be seen that the
D band shows a degree of imperfection (ID/IG) that provides the
diffraction of the D band to the G band. A higher humidity
indicates increased defects of the carbon nanotubes, while
a lower humidity is indicative of a more ordered and crystalline
structure. V and Pt products have been observed to increase
these distributions, which allows the metal atoms to connect to
the nanotubes and form defective circuits. But the degree of the
shi in the G band can provide more information about the
connectivity of these communications and the type of connec-
tion. In particular, a shi of the G band to lower energy indi-
cates the presence of hybrid bonds or surface adsorption. The
Raman spectrum of images containing V and Pt reects the
structural and electronic design as well as the chemical inter-
actions between the two materials. Although Pt is a Raman-
active metal, certain changes in the spectrum can be observed
as a result of its interaction with V. These changes are usually
distinguished from the formation of metallic or hybrid bonds
between the surface of V and Pt atoms. It suggests that the
interaction of Pt with V causes shis in the Ramanmodes or the
appearance of new selection modes, thereby changing the
chemical binding environment of vanadium. In particular, it
has been observed in the graphical Raman spectrum of vana-
dium in the oxidation state, leading to the formation of new
peaks or changes in the position and intensity of existing peaks.
These changes can be attributed to the catalytic effect of Pt
atoms on the chemical state modulus of V. During the spectral
analysis, shis or new modes and changes in peak widths are
notable, indicating interactions between V and Pt. The broad-
ening of the peaks may indicate that Pt atoms disrupt the
regularity of the V structure, forming a more amorphous
structure. In addition, the increase in the intensity of certain
Raman-active modes indicates that Pt atoms have formed
a binding site on the V surface. The effect of Pt on the vibra-
tional modes of V is clearly visible in the spectrum obtained. Pt
has been shown to cause a rearrangement of energy levels in the
Raman spectrum of V by changing the electron transfer and
surface charge density. This effect is particularly pronounced in
cases of hybrid bond formation or surface adsorption. The
structural effects of such interactions can be evaluated in more
RSC Adv., 2025, 15, 27848–27863 | 27851
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Fig. 2 Raman analysis results for the nanocatalysts synthesized. (a) V, (b) Pt, and (c) PtV@MWCNT.
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detail by comparative spectral analysis with other materials.
Fig. 2 shows the Raman spectra for V, Pt, and PtV@MWCNT.

SEM analysis was performed as a further analysis. The
surface of the V sample is irregular, and the particles are clearly
separated. The particles have sharp edges and a micro-scale
structure, indicating that the crystal structure of V is highly
ordered but brittle. There are cracks and rough areas on the
surface, indicating that the mechanical strength of the material
may be limited, but may be advantageous in terms of active
surface area in certain applications. However, the catalytic
performance of this structure may be limited by how reactive
the surface is and the size of the particles. Looking at the Pt–V
example, we can see that a more dense and homogeneous
structure forms on the surface due to the way V and Pt interact.
The Pt atoms are on the surface of the vanadium and cause it to
change its shape, creating a more amorphous structure. This
means that the surface area can grow and the catalytic proper-
ties of the material can improve. Pt atoms also adhere to the
crystal structure of V, making the surface rougher, which can be
interpreted as making the surface more reactive, especially
when used as a catalyst in gaseous or liquid environments. The
PtV@MWCNT sample shows a very different surface structure
due to the carbon nanotubes. The multi-walled carbon nano-
tubes form a binding network structure between the V and Pt
particles, creating a dense, porous texture on the surface. This
structure increases the mechanical strength and signicantly
increases the active surface area of the sample. The porous and
bonded structure of the material allows it to interact more
effectively with liquid or gaseous media, and the carbon nano-
tubes help the material to remain structurally sound over time.
The structural differences between these three examples are
quite striking when it comes to surface morphology and mate-
rial interactions that directly affect the performance of the
materials. Pt, when added to the basic V structure, makes the
surface denser, and we think it will help carbon nanotubes
develop properties that will allow the material to better resist
both chemicals and electricity. This structure has the potential
to be used in all kinds of elds, including energy storage,
27852 | RSC Adv., 2025, 15, 27848–27863
catalysis, and sensor technologies. Fig. 3 shows SEM analysis of
the synthesized particles. Also, EDX analyses are shown in
Fig. S1.† In the analysis, the regions of the V, Pt and Pt, V, and C
structures were marked and found to be consistent with the
SEM images.

XRD was performed as another analysis. The morphological
properties of the structure obtained for the PtV@MWCNT
structure yielded signicant results when compared with TEM.
The XRD analysis conrmed the diffractive indices of Pt and V
noble metals supported by MWCNT. The XRD pattern of the
produced PtV@MWCNT nanocomposite was examined to
determine the crystallographic structure and the average crys-
tallite size of the metallic phase. Prominent diffraction peaks
indicating the face-centered cubic (FCC) structure of Pt were
evident.50 However, the combination of V and Pt led to signi-
cant changes in the diffraction peaks associated with Pt. A small
shi to the right in the 2q values was observed, which was
interpreted as lattice expansion induced by the addition of V
atoms to the Pt lattice.51 This phenomenon was interpreted as
arising from the difference in atomic radii between Pt and V,
where partial substitution or alloying effects deform the crystal
lattice, changing the interplanar spacing as explained by Bragg's
law.52 It was shown that the full width at half maximum
(FWHM) of the Pt (111) and (200) peaks increased aer V inte-
gration.53 The broadening of diffraction peaks indicates
a decrease in crystallite size, which was also conrmed quan-
titatively using the Debye–Scherrer equation.54 This signicant
particle size reduction can be attributed to the inhibitory effect
of V on Pt particle growth during synthesis, as V can alter the
nucleation and growth dynamics of Pt NPs, leading to more
dispersed and ner crystallites.55 Furthermore, peak broad-
ening and lattice distortion suggest that a solid solution or alloy
formation may have occurred between Pt and V, rather than
a purely physical association.56 This alloying tendency alters the
crystallographic properties and is interpreted to also affect the
electronic structure of Pt, which is necessary for MOR catalytic
activity.57 The reduced crystallite size and potential lattice strain
further increase the surface energy, increasing the number of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of (a) V NPs, (b) Pt NPs, and (c) PtV@MWCNT NPs.
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accessible active sites.58 Structural analysis using XRD shows
that the addition of V signicantly reduces Pt crystallite size
while altering the lattice properties and peak proles.59 These
properties are expected to signicantly impact the electro-
catalytic activity of the nanocomposite, particularly in terms of
bulk activity and long-term stability.60

Fig. 4 shows that the integrated structure of Pt and V nano-
particles was successfully obtained with MWCNT. The lattice
parameters for Pt(111), Pt(200), and Pt(220) are 40.11°, 46.29°,
and 67.95°, respectively. At the same time, partial contractions
can be observed due to V. For V, the parameters correspond to
the Pt indices according to Vegard's law, and the intensity
values increase. In addition, the MWCNT-induced C(000)
parameter was approximately 2q at 25°. The analysis results
indicate compliance with reference code 03-065-1527.29,30 Also,
in XRD analysis of the PtV@MWCNT nanocomposite, the
crystallite size was calculated to be approximately 1.49 nm using
the Debye–Scherrer equation. This value indicates that the
material has very small, nanoscopic crystallites.61,62 Such low
crystallite sizes are generally associated with high surface area,
increased number of active centers, and a signicant improve-
ment in catalytic performance.63 Especially in catalytic appli-
cations of precious metals such as Pt, these small particle sizes
lead to an increase in the electrochemical active surface area
Fig. 4 XRD patterns and reference code of PtV@MWCNT nano-
structure obtained by chemical reduction method.

© 2025 The Author(s). Published by the Royal Society of Chemistry
(ECSA) due to the greater number of surface atoms compared to
larger atoms.64 This provides higher mass activity and specic
activity, particularly in electrochemical energy conversion
systems such as fuel cells and in applications such as MOR.65

Furthermore, the use of Pt with V can be interpreted as both
increasing the stability of the crystal structure and creating
a synergistic effect by altering the electronic structure.66 These
modications can be considered to increase tolerance to CO
poisoning and improve the rate of reactions such as MOR by
affecting the electron density of Pt centers.67 The MWCNT
carrier facilitates the homogeneous distribution of these
nanoparticles, while also increasing electrical conductivity and
supporting mechanical strength.68
3.2. Electrochemical characterization

Following material characterization, electrochemical analysis
was conducted. As is well known, Pt is a highly stable metal with
excellent electrocatalytic activity. For this reason, it is
commonly used in electrochemical sensor applications and fuel
cells.25,31–33 However, the high cost of Pt restricts its develop-
ment in fuel cell technologies.69–71 Ley et al. have demonstrated
the mechanism of methanol oxidation in acidic media, which is
a potential mechanism for Pt, to proceed according to the
following equation.72

Pt–(CH3OH)ads / Pt–(CH3O)ads + H+ + e− (2a)

Pt–(CH3O)ads / Pt–(CH2O)ads + H+ + e− (2b)

Pt–(CH2O)ads / Pt–(CHO)ads + H+ + e− (2c)

Pt–(CHO)ads / Pt–(CO)ads + H+ + e− (2d)

M + H2O / M–(H2O)ads (3)

M–H2O / M–(OH)ads + H+ + e− (4)

Pt–(CO)ads + M–(OH)ads / Pt + M + CO2 + H+ + e− (5)

They showed that M affects the rates of reactions (3)–(5)
directly and the rates of reactions (1) and (2a) indirectly through
electronic changes in Pt. M represents the component/particle,
constituent or promoter metal. In fact, the efficiency of theM–Pt
catalyst is reected in the strength of the M–O bond, which
depends on both the dehydrogenation of the absorbed water
RSC Adv., 2025, 15, 27848–27863 | 27853
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Fig. 5 CV for V, Pt, and PtV@MWCNT nanocatalysts obtained by chemical reduction method, obtained at different methanol ratios (0.5 M KOH,
50 mV s−1), (a) CV obtained for V catalyst, (b) positive current values obtained for V catalyst (c) CV obtained for PT catalyst, (d) positive current
values obtained for Pt catalyst, (e) CV obtained for PtV@MWCNT catalyst, (f) positive current values obtained for the PtV@MWCNT catalyst.
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(reactions (3) and (4)) and the ability to cleave the M–O bond to
form CO2 (reaction (5)).

In view of all this, the methanol oxidation reactions to be
obtained were analyzed separately for Pt, V and PtV@MWCNT
27854 | RSC Adv., 2025, 15, 27848–27863
by cyclic voltammetry (CV), and electrochemical impedance
(EIS). As a rst analysis, a CV study was performed and the rates
of change in current with increasing methanol ratios were
examined. To determine the electrochemical activity of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The current values for both positive (Ip) and negative (In) and
the Ip/In ratios for V, Pt, and PtV@MWCNT catalysts obtained through
chemical synthesis are presented

Catalysis
V
(mA cm−2)

Pt
(mA cm−2)

PtV@MWCNT
(mA cm−2)

In 1.41 43.51 32.57
Ip 2.61 85.94 106.27
Ip/In 1.85 1.98 3.26

Fig. 6 A comparison wasmade of the positive current values obtained
for V, Pt, and PtV@MWCNT nanocatalysts synthesized by the chemical
reduction method.
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synthesized catalysts, CV measurements with V, Pt and
PtV@MWCNT were evaluated between −0.8 and 0.2 V at 50 mV
s−1 in 0.5 M potassium hydroxide (KOH) solution saturated with
nitrogen gas (N2). As shown in Fig. 5a–e, the three catalysts
exhibit characteristic CV behavior of Pt-based materials in
alkaline medium, particularly with irreversible anodic peaks
associated with the MOR. At lower potentials, the suppression
of adsorption/desorption currents is likely due to the poisoning
effect of CO-like intermediates formed during methanol
adsorption on the catalyst surface, which block active sites and
hinder further oxidation. In the high-potential region, broad
oxidative currents correspond to the formation and reduction of
Pt oxides, which regenerate active surface sites for further
methanol oxidation. The poisoning rate is highest for the V
catalyst or is due to the low electrocatalytic activity of V.
However, poisoning of the Pt surface can also result from the
dehydrogenation of carbonaceous intermediates by methanol
on Pt. Moreover, the initial oxidation potential and the peak
current density in the anodic potential sweep are one of the
main parameters to evaluate the electrocatalytic performance of
catalysts. During the positive current (Ip) potential scan, the
methanol oxidation current gradually increases in all three
catalysts until it starts around −0.6 V. Meanwhile, the lowest
value of the positive current potential onset can be said to
belong to the PtV@MWCNT catalyst. Similarly, it is evident that
partially semi-reversible reactions occur for V, while reversible
reactions occur for Pt and Pt@MWCNT structures. The reverse
negative sweep (In) indicates a potential of approximately
−0.2 V. The In scan peak values correspond to the oxidation of
carbonaceous intermediates formed during the anodic scan.
Furthermore, the Ip/In ratio can serve as an indicator of the
toxicity of the reaction medium. Accordingly, the Ip/In ratios
for V, Pt, and PtV@MWCNT catalysts in a 3 M methanol
medium were determined to be 1.85, 1.98, and 3.26, respec-
tively. As can be seen, PtV@MWCNT catalyst has the highest
rate and it can be said that the toxicity is also the lowest. This
can be attributed to MWCNT and V catalyst.73

As previously stated, one effective method for determining
catalyst poisoning is to calculate the ratio of positive and reverse
current values. Table 1 presents the In, Ip, and Ip/In ratios. At this
point, the current values obtained with the PtV@MWCNT
structure can be given as the ideal ratio.

That being said, it is also very important to compare the
positive current values obtained at different methanol ratios
with each other. Fig. 6 displays the graph of current values
obtained for V, Pt, and PtV@MWCNT structures. The graph
indicates that Pt-containing catalysts exhibit high catalytic
activity. As can be seen from the CV, it can be said that these
current values give a very good reversible reaction. However, it is
evident that in 1 M methanol fuel medium, the performance of
the PtV@MWCNT catalyst is inferior to that of the Pt catalyst.
This may be attributed to electrode defects in the GCE or to
media stabilization. Additionally, the current catalyst values
obtained with Pt and Pt@MWCNT structures are comparable to
or higher than those reported in the literature. In the 3 M
methanol medium, the PtV@MWCNT catalyst achieved
© 2025 The Author(s). Published by the Royal Society of Chemistry
a 40.72% higher current value than the V catalyst and a 1.24%
higher current value than the Pt catalyst.

The obtained CV values have made signicant contributions
to literature regarding the current values required when using V
as a catalyst. In addition, the current values obtained at
different scan rates for V, PT, and PtV@MWCNT catalysts also
gave us results to gain insight into catalyst poisoning and fuel
transport to the catalyst. Fig. 7a, c and d compares the values
obtained for all three catalysts at 50 mV s−1, 100 mV s−1, 150 mV
s−1, 200 mV s−1, and 250 mV s−1 at 1 M methanol content. The
correlation between the square roots of scanning speeds and
the current values obtained at those speeds was analyzed.
Additionally, the potential scan rate used can determine the size
of the diffusion layer above the electrode surface. In general, the
diffusion layer will form continuously. With a low potential scan
rate, it will tend to grow above the electrode. In this case, the
bulk will result in less concentration gradient between the
solution and the electrode surface. In this case, the target
compound is expected to result in a lower mass ux. As a result,
the magnitude of the electrochemical current, which is
proportional to the mass transport rate of methanol towards the
electrode, will grow larger with an increase in the potential scan
rate. For the V nanostructures utilized in the study, the current
limit values indicate that the electrochemical kinetic rate at the
RSC Adv., 2025, 15, 27848–27863 | 27855
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Fig. 7 Current values of 50 mV s−1, 100 mV s−1, 150 mV s−1, 200 mV s−1, 250 mV s−1, 250 mV s−1, realized in 1 M methanol content and, 0.5 M
KOH buffer for nanoparticles produced by chemical synthesis, (a) CV curves obtained for V nanoparticle, (b) correlation of the square root of the
scan rate for the V nanoparticle with the current obtained, (c) CV curves obtained for Pt nanoparticle, (d) correlation between the square root of
the scan rate and the current obtained for the Pt nanoparticle, (e) CV curves obtained for PtV@MWCNT nanoparticles, (f) correlation of the square
root of the scan rate with the current obtained for PtV@MWCNT nanoparticles.

27856 | RSC Adv., 2025, 15, 27848–27863 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 EIS analysis for synthesized catalysts (0.5 M KOH).
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electrode is insufficient to reach equilibrium at the solution–
electrode interface. Although the structure obtained with Pt Np
was the most ideal, the PtV@MWCNT structure exhibited
current values that were very similar to those of Pt. At the same
time, the nal limit current value is slightly better than the
structure obtained with the Pt catalyst. Thus, it was anticipated
that the resulting catalyst could function as a bimetallic nano-
structure equivalent to Pt. Fig. 7b, d and f demonstrate a linear
correlation between the square root of the scan rate and the
positive boundary current in the current values obtained. Based
on this correlation, it appears that the reaction occurs in
a diffusion-controlled manner for all three catalysts. At the
same time, the partial rightward shi of the Pt nanostructure is
an indication that its tolerance to ambient poisoning is gradu-
ally decreasing. In the PtV@MWCNT structure, this shi was
very limited compared to the Pt nanostructure.32,36–38 Addition-
ally, the CV method was used to calculate the electrochemical
active surface area (ECSA).74–76 ECSA represents the surface area
of an electrode material capable of participating in electro-
chemical reactions and is a critical parameter for evaluating the
material's effectiveness, particularly in fuel cells, super-
capacitors, and electrocatalysis applications.77 Cdl represents
the capacitance of the electrical double layer formed between
the electrode surface and the electrolyte and is related only to
the capacitive currents generated by the physical adsorption of
ions onto the electrode surface.78 Therefore, this region, where
chemical redox reactions do not occur, is called the “non-
faradic region.” For this study, the CV curves obtained at
different scan rates were considered.79 For each scan rate, the
anodic and cathodic current values were taken, and the abso-
lute value of the difference between these two values was
divided by two. As a result of this process, the capacitive current
observed in the non-faradic potential region was calculated.80

ECSA was calculated by comparing this value with the specic
capacitance Cs for the material (Pt, V, PtV@MWCNT) obtained
from literature. These results indicate that the surface areas of
all three samples are different, and that the carbon nanotube-
supported PtV@MWCNT alloy, in particular, offers a higher
active surface area compared to other materials. This demon-
strates the advantage of this structure for electrochemical
applications and the surface area enhancement capacity of
nanostructured support materials.81 According to this method,
the ECSA values for V, Pt, and PtV@MWCNT were found to be
0.00017 cm2, 0.00094 cm2, and 0.00104 cm2, respectively.
Therefore, ECSA calculation based on the capacitive current
method can be considered an effective method, particularly for
material comparisons and surface engineering studies.82 A long-
term stability analysis was also performed in Fig. S2.† This
analysis was performed to monitor the appropriate behavior in
the whole-cell analysis. The current values obtained in the
analysis increased with increasing cycle rates. Although
a partial shi was observed, it can be concluded that the toxicity
was limited.

The V catalyst-coated electrode failed to reach a signicant
value in impedance due to insufficient active surface area or
slow reaction kinetics, resulting in high charge transfer resis-
tance and higher energy requirement for the electrochemical
© 2025 The Author(s). Published by the Royal Society of Chemistry
reaction to take place. In contrast, the Pt electrode shows lower
impedance, indicating enhanced electron transfer and
improved reaction kinetics. Relative to the Pt catalyst, the
PtV@MWCNT catalyst exhibits the lowest impedance. This
result is important to emphasize that the carbon nanotube
coating increases the surface area, accelerates charge transfer,
and provides higher catalytic activity on the electrode surface.
The values obtained were consistent with the current values
obtained in CV analysis. At the same time, it also exhibited
behavior in accordance with the literature. The importance of
low impedance lies in its ability to minimize energy losses
within the system and increase reaction efficiency, thus
guaranteeing optimal electrochemical performance. Addition-
ally, the equivalent circuit model was used to describe the
impedance properties at the electrode/electrolyte interface in
a three-electrode electrochemical cell; specically, a system with
an anodic catalyst coated on a GCE operating in a strongly
alkaline medium such as 1 M KOH. The circuit elements in the
diagram can be interpreted in relation to the physical and
chemical mechanisms of electroanalytical processes. R1 (Rs) in
the circuit represents the total ohmic resistance of the system,
that is, the solution resistance resulting from the ionic
conductivity of the electrolyte and the intercell junctions. This
resistance is generally low due to the high conductivity of a 1 M
KOH solution. However, parameters such as the interelectrode
distance and membrane properties can affect Rs. Therefore, the
Rs value is an important indicator of the overall conductance of
the system. R2 (Rct), also called the charge transfer resistance,
represents the kinetic barrier for faradaic reactions occurring at
the electrode surface. This parameter provides direct informa-
tion about the activity and electrochemical kinetics of the
catalyst surface, particularly in anodic processes such as the
MOR. A low Rct indicates that electron transfer occurs readily at
the catalyst surface and is associated with high electrochemical
performance. C3 (Cdl), connected in parallel with the circuit, is
modeled as a double-layer capacitance. This capacitance
RSC Adv., 2025, 15, 27848–27863 | 27857
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Table 2 Comparative analysis of results from the study and existing literature

Electrocatalysis Solution Alcohol Scan rate mV s−1 Anodic peak current (mA cm−2) References

PtPb 1 M KOH 1 M CH3OH 50 mV s−1 5.7 83
PtPb PNW 0.5 M H2SO4 0.5 M CH3OH 50 mV s−1 70.58 mA cm−2 84
Pt@PdS2-MWCNT 0.5 M H2SO4 1 M CH3OH 50 mV s−1 86.71 mA cm−2 85
Pt0.94Ag0.06NWE 0.5 M H2SO4 1 M CH3OH 50 mV s−1 46.3 mA cm−2 86
PtRu/C70MWCNTs30 0.5 M H2SO4 1 M CH3OH 50 mV s−1 92.6 mA cm−2 87
PtCo (1 : 11)/rGO 1 M H2SO4 2 M CH3OH 20 mV s−1 17.26 mA cm−2 88
PtV@MWCNT 1 M KOH 1 M CH3OH 50 mV s−1 106.27 mA cm−2 This work
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represents the charge storage capacity of the electrical double
layer formed at the electrode surface. For smooth and conduc-
tive surfaces such as GCE, this parameter can vary depending on
the electrode surface area, surface roughness, and contact with
the electrolyte. The capacitance value can also be evaluated
because of interface phenomena such as adsorption/desorption
processes or ionic rearrangement. If the curve converges to a 45°
line with decreasing frequency, the addition of Warburg diffu-
sion may be necessary, but this component is not included in
Fig. 9 Potentiostat values obtained for use in thermodynamic analyses
analysis series.

27858 | RSC Adv., 2025, 15, 27848–27863
this circuit. Equivalent circuit modeling is performed for all
catalysts. Fig. 8 shows the results of the EIS analysis.

Table 2 presents a comparative analysis of methanol oxida-
tion studies using various electrocatalysts and compares the
ndings with the existing literature. Literature studies have
shown that PtV@MWCNT exhibits signicant electrocatalytic
activity. The results are consistent with the literature, indicating
that the synthesized catalyst is promising for alcohol fuel cell
research.
for stacked cell in FCs: (a) open current voltage (b) potentiodynamic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In the following stages, fuel cell stack studies were per-
formed. In fuel cell stack studies, a two-electrode system was
used. The cell was in bulk. Resistance tests were performed for
the cell and determined as 1 kU. This resistance was used to
protect the cell in case of overvoltage and to ensure the stability
of the device at positive current values. Fig. 9 shows the open
current voltage and potentiodynamic analysis for the full
stacked cell. The analysis shows the anodic and cathodic
behavior of the cell under maximum voltage and voltage.
Distinct Tafel curves were also evaluated for both anode and
cathode reactions. This is illustrated by the relationship
between the logarithmic current density (log j) and cell voltage
(V) on the x-axis and y-axis. The anodic Tafel slope, dened as
−120 mV dec−1, was shown to indicate the efficiency of catalytic
activity with low overpotential and high reaction kinetics. In
contrast, the cathodic slope, dened as 130 mV dec−1, was
shown to indicate a higher activation energy. The data obtained
from this study conrm that PtV@MWCNT can serve as a high-
performance nanocatalyst in fuel cell reactions. It is clear that
methanol poisoning still exists in a similar situation. Accord-
ingly, the current value for the fully conditioned cell decreased
from 1.8 V to 0.2 V quite rapidly. When the voltage and current
values are analyzed, it can be said that the cell never passes into
the passive transport phase, and the transport always takes
place with active transport. The cell potential onset is around
0 V. This can be interpreted that the catalyst and MEA condi-
tioning are ideal or close to ideal. In addition, it is very good that
both anodic and cathodic Tafel curves are close to each other.
This can be interpreted as the current generated at the anodic
side can be equal to or close to the current passing to the
cathode within the specied voltage limit range. In addition,
the Butler–Volmer equation was used thermodynamically.
Accordingly, T= 298 K and Faraday constant: F= 96 485 Cmol−1,
gas constant: R = 8.314 J mol−1 and reversible current density,
j0 = 1 × 10−3 A cm−2 according to the analysis. When the values
were substituted, the charge transfer coefficients aa = 0.5 and
ac = 0.5 were found. In addition, according to Darcy's law, the
permeability coefficient of the Naonmembrane, k= 1× 10−12m2

and the dynamic viscosity was entered as 0.59 mPa. The
pressure difference is assumed to be 1 Pa m−1. The ow velocity
(v) = 1.69 × 10−9 m s−1 was calculated. These values are the
velocities calculated at low permeability and low-pressure
difference in a porous medium. Flowing at higher velocities
may damage the membrane. The obtained ow rate was quite
ideal for the PEM membrane according to the literature.

4. Conclusion

In this research, the PtV@MWCNT composite was effectively
formed and used as a catalyst for methanol oxidation processes.
According to the electrocatalytic performance tests, the
PtV@MWCNT catalyst showed higher activity, higher current
density, and improved stability. TEM images conrmed the
consistent and stable distribution of PtV on the MWCNT
surface, supporting the reported electrochemical performance.
The particle size of PtV@MWCNT was analyzed as 4.40 nm. The
key factor in the increased catalytic efficiency is the highly
© 2025 The Author(s). Published by the Royal Society of Chemistry
conductive network structure formed by the close contact
between the nanotubes the matrix, conrming the electro-
chemical analysis results. According to the MOR result, the
PtV@MWCNT catalyst showed outstanding performance,
exhibiting high activity and stability. Compared to the V cata-
lyst, a higher electrochemical efficiency of 40.72% was achieved.
The improved activity of the catalyst was supported by TEM
images, which conrmed the uniform distribution of PtV on the
MWCNT surface. These results demonstrate the potential of
PtV@MWCNT as a material for future fuel cell applications.
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thank the TÜḂITAK 2211-C National PhD Scholarship Program
in the Priority Fields in Science and Technology.
References

1 A. Midilli and I. Dincer, Hydrogen as a renewable and
sustainable solution in reducing global fossil fuel
consumption, Int. J. Hydrogen Energy, 2008, 33(16), 4209–
4222.

2 P. Friedlingstein, M. O'Sullivan, M. W. Jones, R. M. Andrew,
D. C. E. Bakker, J. Hauck, et al., Global Carbon Budget 2023,
Earth Syst. Sci. Data, 2023, 15(12), 5301–5369.

3 Q. Zeng, C. Li and C. Magazzino, Impact of green energy
production for sustainable economic growth and green
economic recovery, Heliyon, 2024, 10(17), e36643, available
from: https://linkinghub.elsevier.com/retrieve/pii/
S2405844024126746.

4 M. Bekmezci, D. B. Subasi, R. Bayat, M. Akin,
Z. K. Coguplugil and F. Sen, Synthesis of a functionalized
carbon supported platinum–iridium nanoparticle catalyst
by the rapid chemical reduction method for the anodic
reaction of direct methanol fuel cells, New J. Chem., 2022,
46, 21591–21598, available from: https://pubs.rsc.org/en/
content/articlehtml/2022/nj/d2nj03209k.

5 R. Bayat, A. El Attar, M. Akin, M. Bekmezci, M. El Rhazi and
F. Sen, Copper nanoparticle modied chain-like platinum
nanocomposites for electro-oxidation of C1-, C2-, and C3-
type alcohols, Int. J. Hydrogen Energy, 2024, 51, 1577–1586.

6 O. Arslan, M. A. Ozgur, H. D. Yildizay and R. Köse, Fuel
effects on optimum insulation thickness: An exergitic
approach, Energy Sources, Part A, 2010, 32(2), 128–147.

7 Q. Lu, J. Li, K. Eid, X. Gu, Z. Wan, W. Li, et al., Facile one-step
aqueous-phase synthesis of porous PtBi nanosponges for
RSC Adv., 2025, 15, 27848–27863 | 27859

https://linkinghub.elsevier.com/retrieve/pii/S2405844024126746
https://linkinghub.elsevier.com/retrieve/pii/S2405844024126746
https://pubs.rsc.org/en/content/articlehtml/2022/nj/d2nj03209k
https://pubs.rsc.org/en/content/articlehtml/2022/nj/d2nj03209k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03938j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
0/

6/
20

25
 4

:3
7:

52
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
efficient electrochemical methanol oxidation with a high CO
tolerance, J. Electroanal. Chem., 2022, 916, 116361.

8 A. Beheshti, A. K. Marnani, M. B. Askari and A. Hate-
Mehrjardi, Fe3+-Clinoptilolite/graphene oxide and layered
MoS2@Nitrogen doped graphene as novel graphene based
nanocomposites for DMFC, Int. J. Hydrogen Energy, 2017,
42(26), 16741–16751.

9 D. Bogdanov, M. Ram, A. Aghahosseini, A. Gulagi,
A. S. Oyewo, M. Child, et al., Low-cost renewable electricity
as the key driver of the global energy transition towards
sustainability, Energy, 2021, 227, 120467.

10 R. Bayat, H. D. Yildizay and F. Şen, Thermopower energy
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D. Erts, et al., Fabrication of an Extremely Cheap Poly(3,4-
ethylenedioxythiophene) Modied Pencil Lead Electrode
for Effective Hydroquinone Sensing, Polymers, 2021, 13(3),
343, available from: https://www.mdpi.com/2073-4360/13/3/
343/htm.

75 R. Baronia, J. Goel, J. Kaswan, A. Shukla, S. K. Singhal and
S. P. Singh, PtCo/rGO nano-anode catalyst: enhanced
power density with reduced methanol crossover in direct
methanol fuel cell, Mater. Renew. Sustain. Energy, 2018,
7(4), 1–13, available from: https://link.springer.com/article/
10.1007/s40243-018-0134-8.

76 N. Bhuvanendran, S. Ravichandran, W. Zhang, Q. Ma, Q. Xu,
L. Khotseng, et al., Highly efficient methanol oxidation on
durable PtxIr/MWCNT catalysts for direct methanol fuel
cell applications, Int. J. Hydrogen Energy, 2020, 45(11),
6447–6460.

77 E. Cossar, M. S. E. Houache, Z. Zhang and E. A. Baranova,
Comparison of electrochemical active surface area
methods for various nickel nanostructures, J. Electroanal.
Chem., 2020, 870, 114246.

78 E. Lust, Zero Charge Potentials and Electrical Double Layer
at Solid Electrodes, in Encyclopedia of Interfacial Chemistry,
Elsevier, 2018, pp. 316–344.

79 Z. Xie, P. He, L. Du, F. Dong, K. Dai and T. Zhang,
Comparison of four nickel-based electrodes for hydrogen
evolution reaction, Electrochim. Acta, 2013, 88, 390–394.

80 L. Guan, L. Yu and G. Z. Chen, Capacitive and non-capacitive
faradaic charge storage, Electrochim. Acta, 2016, 206, 464–
478.

81 F. Karkeh-Abadi, M. Ghiyasiyan-Arani, S. Mustafa Hameed,
F. H. Alsultany, H. Hussain Hamza, A. M. Aljeboree, et al.,
Electrochemical hydrogen storage capabilities of
Li2Co2(MoO4)2 nanostructures: Schiff base-assisted
synthesis and characterization, Int. J. Hydrogen Energy,
2025, 128, 377–385.
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