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GCE surface coating with PdANiAg nanocatalysts to
ensure high performance and stability in alcohol
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Fuel cells as a clean energy source largely depend on the design of effective, long-lasting, and affordable
electrocatalysts. In this context, chain-like palladium—nickel-silver (PdNiAg) nanoparticles (NPs) are
synthesized using the chemical reduction method. The synthesized PdNiAg NPs are used for electro-

oxidation of methanol, ethanol, and ethylene glycol. After oxidation studies, the anodic peak currents for
methanol, ethylene glycol, and ethanol are found to be 43.92 mA cm™2, 26.77 mA cm™2, and 21.62 mA

cm™2

, respectively. Long-term stability tests demonstrate that the catalyst exhibits a current density 1.6
times higher than that of ethylene glycol,

and 2.15 times higher than that of ethanol in

chronoamperometry (CA) analysis during methanol oxidation. The catalyst is shown to be a diffusion-

controlled system for all three alcohols. It is observed to be tolerant to carbon monoxide (CO) and to
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have an electrochemically active surface area. The obtained catalyst exhibits high electrocatalytic

performance, especially in methanol oxidation, and is a promising candidate for use in direct alcohol fuel
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1. Introduction

It is well documented that the advent of new technologies has
resulted in a corresponding increase in energy consumption.
The energy required is currently sourced from hydrocarbon-
based fossil fuels. The utilization of fossil fuels, which are
finite resources, has resulted in several adverse consequences,
including global warming, environmental contamination, and
a multitude of health issues. A variety of techniques have been
employed to curb reliance on fossil fuels.! One of these
methods, fuel cells, is a device that oxidizes fuels through
a chemical reaction to generate electrical energy.> A fuel cell
produces heat and water through a chemical reaction. While
hydrogen plays a significant role in fuel cell operations, alcohol
derivatives such as,®> methanol,* ethanol,® 2-propanol,® formic
acid” can also be used.

DAFCs exhibit several advantageous properties, such as ease
of storage and transportation, high energy density, and low
operating temperature.®* DAFCs are capable of operating effi-
ciently with low-molar-mass alcohols, making them suitable as
power sources for a range of applications, including vehicle
propulsion and portable electronic devices, at moderate
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cell (DAFC) systems. Within the scope of the study, catalysts with specific properties for different alcohol
groups are synthesized, and important findings are presented to establish a position in the application field.

temperatures.” Compared to gaseous hydrogen fuel, alcohols
generally exhibit higher volumetric energy density and are
easier to process, store, and transport.’® DMFCs are attracting
considerable attention due to the numerous advantages they
offer, such as the absence of C-C bonds in methanol, higher
power density, lower exhaust gas emissions, and ease of
charging.'* Despite offering significant advantages, commer-
cialization of DMFCs is hampered by toxicity, slow kinetics of
anodic methanol oxidation, and high cost."”” Therefore, the
potential of other alcohols, including glycerol, ethanol, meth-
anol, and ethylene glycol, is also being investigated.”® In this
context, biofuel ethanol is considered the most promising
option due to its superior energy density, non-toxicity, inherent
renewability, and ease of use, management, and storage.™
Methanol is the preferred alcohol for use in fuel cells due to its
simple chemical structure, high energy density, and environ-
mentally friendly nature." Ethylene glycol, on the other hand, is
attracting interest as a potential fuel cell component due to its
favorable membrane permeability properties and increased fuel
production capacity.'®

The use of electrocatalysts with high electrocatalytic activity
and stability is a key consideration for direct methanol fuel cell
(DMFC) applications. In this context, catalyst selection is crucial
for the catalytic performance of fuel cells, reducing efficiency
losses in fuel cells, and improving energy density.»'”'® In cata-
lyst synthesis, innovations in nanotechnology and materials
science are enabling increased energy efficiency and fuel cell
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performance. It is generally accepted that the most commonly
used anode materials in DMFCs is platinum (Pt) and Pt-based
alloys.” However, various challenges such as the low toxicity
tolerance of Pt, the presence of by-products, and the high cost of
its commercialization seriously hinder the widespread adoption
of this material.®® At this point, research continues for more
economical and stable catalysts that offer high catalytic activity,
but do not contain Pt. Given the high cost of Pt-based catalysts,
exploring cost-effective alternatives such as palladium (Pd)
presents a promising option that could contribute to the wider
adoption of fuel cell technology.** Furthermore, Pd has a strong
ability to tolerate and remove adsorbed carbon monoxide (CO)
formed during the electrooxidation of alcohols. This property is
attributed to its ability to facilitate proton reduction and absorb
and release hydrogen, enhancing its catalytic performance in
alcohol oxidation reactions.? Bimetallic Pd alloys containing
transition metals such as Pd-Ag, Pd-Ni, Pd-Cu, and Pd-Co
exhibit improved catalytic activity compared to monometallic
Pd and provide significant cost savings in fuel cell applica-
tions.”>** The lower cost and availability of Ag compared to Pd
make it an ideal metal to produce bimetallic catalysts for fuel
cells. Furthermore, the presence of Ag reduces the likelihood of
CO-like substances poisoning by enhancing the adsorption
properties.”® In preventing CO poisoning, the Langmuir-Hin-
shelwood (L-H) mechanism is generally expressed by eqn (1)
and (2). These reactions remove CO from the surface, and keep
the catalyst active. CO poisoning is generally caused by the very
strong adsorption of CO onto the catalyst surface. CO coats the
active sites, stopping further reactions; in other words, the
catalyst is “poisoned.” The addition of metals such as Ag can
alter the surface's adsorption capabilities, temporarily trapping
CO on the surface and facilitating its removal. Studies on this
topic indicate that the addition of Ag reduces CO poisoning.”**”

Coads + OHads - COOHads (1)
COOHadS + OHads i C02 + Hzo (2)

Ni is the preferred catalyst due to its cost-effectiveness,
ability to accelerate electron transfer, resistance to catalyst
poisoning, and highly stable structure. PdNiAg NPs were
synthesized in this study because of the superior advantages of
Pd, Ni, and Ag. The high catalytic activity of Pd, the resistance of
Ni to CO poisoning, and the oxygen adsorption ability of Ag
combine to provide a higher reaction rate and yield. This
combination enhances the adsorption of alcohol molecules on
the surface by accelerating electron transfer, thereby potentially
facilitating the provision of the requisite oxygen for the reaction
in a more expedient manner.*® Due to its cost-effectiveness and
efficiency, this alloy provides long-lasting and stable energy
production in alcohol-based fuel cells.

In this study, PANiAg NPs were synthesized via a chemical
reduction method and employed for the oxidation of methanol,
ethanol, and ethylene glycol. The resulting NPs were also sub-
jected to X-ray diffraction (XRD) and transmission electron
microscopy (TEM) analysis. A catalyst for fuel cells was synthe-
sized at a low cost. The study revealed that Pd-based catalysts
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offer a promising solution, as they can reduce costs and prevent
deactivation of the active site by CO.

2. Material — method
2.1 Material

Palladium chloride (PdCl,), nickel(u) acetate tetrahydrate
(Ni(OCOCH3;),-4H,0), silver tetrachloride (AgCly), distilled
water  (dH,O), sodium  borohydride (NaBH,), di-
methylformamide (DMF), and Nafion D-521 were purchased
from Sigma Aldrich.

2.2 Preparation of PdNiAg nanostructure using chemical
reduction technique

First, synthesis studies were carried out. 10 mM PdCl,
Ni(OCOCH3;),-4H,0, and AgCl were added to 20 mL dH,O and
stirred in argon gas for 1 hour. Then, the reducing agent sodium
borohydride (NaBH,) was added to the system and stirred in the
Schlenk system until the gas leakage ended. The Schlenk system
is a glassware system frequently used in chemical experiments
conducted under inert atmospheric conditions. The system also
utilizes a jacketed system to ensure temperature control. This
system primarily ensures inertia in the environment. Water flow
is ensured through the jacketed structure; this is important for
controlling the reaction rate and preventing the formation of
undesirable byproducts. This system ensures that the chemical
reaction is completed in a safe, stable environment. At the end
of sonication, the final mixture was centrifuged at 5000 rpm and
washed 3 times with dH,0. PdNiAg NP synthesis was achieved
by drying in a 40 °C oven for 24 hours.

2.3 Electrochemical characterization

All electrochemical analyses were carried out with a potentio-
stat/galvanostatic (Gamry Reference 3000) device. Before
electrochemical measurements, working electrodes were
cleaned with alumina (Al,03), ultrasonicated, and then washed
with methanol. A three-electrode system was used for electro-
chemical measurements. This electrode system consists of
a counter electrode (platinum plate), a working electrode (glassy
carbon-GCE), and a reference electrode (Ag/AgCl). The resis-
tance measurements of the working electrode were optimized
by measuring with a multimeter. The optimized electrocatalyst
coating was modified by drop-casting method. 10 mg NP
powder, 500 puL dH,0, 37.5 uL Nafion D-521, and 75 pL DMF
were added to the modification solution and sonicated for
30 min. Then, a three-electrode system was established, and
cycle voltammetry (CV), chronoamperometry (CA), long term
(500 cycles), scan rate (SR), and electrochemical impedance
spectroscopy (EIS) measurements were performed. The
measurements were made in the potential range of —0.8 V to
0.2 Vin 1 M KOH solutions containing methanol, ethanol, and
ethylene glycol separately. To see the activity of the catalyst at
different scan rates, SR measurements were performed in 1 M
KOH solutions containing methanol, ethanol, and ethylene
glycol separately at scan rates of 50 mV s~ ', 100 mV s, 150 mV
s™', 200 mv s, and 250 mV s~ . Methanol 2 M, ethanol 1 M,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and ethylene glycol 2 M were used in 500 cycle-graphs. At the
same time, EIS measurements were performed. EIS measure-
ments were performed in 1 M KOH solutions at a frequency
range of 10 kHz-0.01 Hz.

2.4 Material structure

For the characterization of the obtained PdNiAg NPs, Trans-
mission Electron Microscope (TEM (Hitachi - HT7800)), and X-
ray diffraction (XRD) (Rigaku Miniflex) devices were used.

3. Results and discussion
3.1 XRD analysis

After the synthesis of PANiAg NPs, crystal structure analysis was
performed using XRD (Rigaku MiniFlex) as shown in Fig. 1. The
XRD peaks at 38.1°, 44.4°, 64.6° and 77.5° at 26 for to the
standards (111), (200), (220), and (311) planes of face-centered
cubic (FCC) Ag crystals, respectively, are shown. The orienta-
tion of Ag NPs is fixed in the (111) direction and also has
a crystallographic plane with an FCC structure in the deposition
process. The intense peak at 26 = 38.1° in the XRD pattern of Ag
particles corresponds to the (111) plane of the surface-centered
structure.” In the case of PdNiAg, the diffraction peaks
observed in the Pd sample were well-defined and occurred at
40° (111), while the Ag sample exhibited diffraction peaks at
37.8° (200), 64.49° (220), and 77.46° (311). In the case of PdNi,
the presence of diffraction peaks was observed at 45.56° (200),
67° (220) and 81.56° (311).*° Furthermore, the small peak
observed at 31.84° can be attributed to the oxidation of Ag. It
shows that the Pd-Ni diffraction peak is located near the pure
Pd diffraction peak, but with a small shift to its right. This is
because Ni has a lower lattice constant than Pd, and Ni atoms
partially displace the position of Pd in the crystals.>* The find-
ings are in accordance with those reported in the existing
literature.*>*

Ag (111)

Pd (111)

PdNi (200) Ag (311)

0) Ag (220) PdNi (311)
PdNi (220)

Intensity (a.u)

20 40 60 80
26 (°)

Fig.1 XRD pattern of PdNiAg NPs.
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3.2 TEM analysis

A transmission electron microscopy (TEM) analysis was con-
ducted to examine the morphology of PdNiAg, and the results
are presented in Fig. 2. In the transmission electron microscopy
(TEM) image of PdNiAg, darker areas indicate the presence of
high-atomic-number Pd and Ni, while lighter areas indicate the
presence of Ag. Partial agglomeration observed in some areas
can be attributed to the presence of impurities formed during
material production.®* Ag is widely distributed on the surface,
indicating that Ag provides a suitable support material. Given
the higher electron density of Pd and Ni NPs, it can be posited
that their presence is more intense in darker regions. The
particle size of the PANiAg NPs was determined to be approxi-
mately 9.12 nm, with a standard error of 2.21 nm, based on the
TEM images obtained in this context. In the calculations, the
particle size was calculated by eliminating values that were
found to be in excess of the standard. The findings are in close
alignment with those documented in the existing literature.**?¢

3.3 A study of the oxidation of different alcohols

Fig. 3 depicts the results of electro-oxidation studies conducted
with a PdNiAg NP catalyst in a 1 M KOH solution for 1 M
CH;0H, 1 M C,HqO and 1 M C,H,0,. Fig. 3a depicts the cyclic
voltammetry (CV) curves for three distinct alcohols in the
presence of the PANiAg NP catalyst at a scan rate of 50 mV s~ .
The catalyst demonstrated high electrochemical performance
for all three alcohols. Two distinct peaks were observed during
both the forward and reverse scans, indicating characteristic
oxidation behavior for each alcohol. As shown in Fig. 3b, the
highest current density of 43.92 mA cm™> was observed for
CH,;O0H, followed by C,H¢O, oxidation with a current density of
26.77 mA cm™ 2. In contrast, the lowest current density of 21.62
mA cm 2 was recorded in the oxidation of C,H¢O. The results
demonstrated that the catalyst exhibited the highest catalytic
activity in methanol oxidation, which is believed to be due to its
molecular structure and the nature of the carbon bonds
involved. Activation of C-H bonds is the first step in the
oxidation of methanol, and the cleavage of this bond is the
primary determinant of catalytic activity. Oxidation of the C-OH
group involves conversion to intermediate products such as
formaldehyde and formic acid. This demonstrates the role of
C-O bonds. At this point, the carbon bonds found in alcohols
are important and can be said to influence activity. The capacity
of the catalyst to oxidize adsorbed intermediate species, and its
ability to withstand poisoning are purported to be related to the
back peaks (I;,) in the CV analysis.*”*® As seen in Table 1, an I¢/I,,
ratio of 1.57 indicates that oxidation occurs to a large extent in
the forward scan and that toxic intermediate species accumu-
late to a limited extent on the catalyst surface. This suggests that
the catalyst has relatively high tolerance poisoning. In contrast,
values close to or below 1.0, such as 0.9 and 0.67, indicate that
toxic species like CO accumulate to a significant extent on the
catalyst surface and that these species can only be oxidized in
the reverse scan.’”*® This suggests that the catalyst has lower
poisoning tolerance, and that the active surfaces are tempo-
rarily blocked. These results indicate that the resulting catalyst

RSC Adv, 2025, 15, 28555-28564 | 28557
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Mean =9.12nm
SD = 2.207

Partical diameter (nm)

Fig. 2 TEM images of PdNiAg NPs (a) at 200 nm magnification, (b) at 100 nm magnification, (c) 50 nm magnification, (d) Histogram graph of

PdNiAg NPs.

exhibits better CO tolerance in the case of ethylene glycol.
Ethylene glycol is a larger and more complex molecule than
methanol and ethanol; the toxic intermediates formed on the
surface (e.g., CO species) either bind more weakly to the catalyst
or are more easily removed. This allows the catalyst to maintain
activity by minimizing surface poisoning. In the oxidation of
methanol and ethanol, species such as CO can bind tightly to
the surface and poison the catalyst. Furthermore, because
ethylene glycol adsorbs to the surface and has a different
oxidation mechanism, the accumulation of toxic products is
prevented. Because the oxidation potential and kinetics are
more controlled, toxicity is reduced.

Fig. 4 shows the measurement results of 1 M methanol
(Fig. 4a), 1 M ethanol (Fig. 4c), and 1 M ethylene glycol (Fig. 4e)
oxidations at different scan rates and the R’ slope values
calculated accordingly (Fig. 4b, d and f). When the results are
analyzed, it is seen that the current values increase as the scan
rate increases for all alcohol types. This indicates that it can be
controlled by mass transfer to regulate the electro-oxidation of
alcohol on the produced catalyst.* It is observed that the peak
flow points for anodic currents shift towards positive values.
The reason for this change is thought to be due to the inter-
mediate products resulting from oxidation studies. In CV
analyses, the shift of the anodic peak current toward more

28558 | RSC Adv, 2025, 15, 28555-28564

positive potentials is generally attributed to the effects of toxic
intermediates formed on the catalyst surface. Intermediates,
particularly species containing aldehydes or carbonyl groups,
can adsorb onto the catalyst surface and temporarily block
active sites. This can slow down electron transfer at the surface,
shifting the oxidation peak potential to more positive values.
When examining the graphs in Fig. 4b, d and f, the linear
relationship between peak currents and the square root of the
scan rate initially indicates a diffusion-controlled process.
However, the decrease in the slope of the curves as the scan rate
increases indicates that the reactions are no longer controlled
by diffusion, and are instead controlled by kinetics. This
suggests that, especially at high scan rates, the system no longer
depends on diffusion but on electron transfer kinetics at the
surface.****

Within the scope of the study, CA and 500-cycle tests were
performed for long stability tests. The CA test obtained at this
point is as shown in Fig. 5a. In the results obtained as a result of
5000 s, the presence of current densities of 12.52 mA cm ™2, 7.48
mA cm™?, 5.82 mA cm ™2 in the presence of 1 M methanol, 1 M
ethylene glycol, and 1 M ethanol, respectively. This showed that
oxidation was continuing at the end of 5000 s, and the catalyst
exhibited a stable behavior. The results of 500 cycles of the
obtained catalyst for different alcohols are as shown in Fig. 5b—

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrochemical measurements in 1 M methanol, 1 M ethanol and 1 M ethylene glycol for PdNiAg NPs, (a) comparison of CV curves of
three different alcohol oxidations for PdNiAg, (b) peak current values obtained from CV results, (c) LSV curves of three different alcohol oxidations
for PdNiAg, (d) comparison of the initial potentials obtained from the LSV graph.

Table 1 I, I, and I¢/ly, ratios for PANiAg

Alcohol I; (mA cm™2) I, (mA cm™?) I/, (A cm™?)
CH;0H 43.92 48.75 0.9

C,He0, 26.77 17 1.57

C,HO 21.62 32 0.67

d. In the presence of 2 M methanol and 2 M ethylene glycol,
a high increase in current density was observed until the 75th
cycle, and then a decrease in current density was observed. In
the presence of 1 M ethanol, it was observed that at the end of
500 cycles, a slight but continuous increase in peak current
density was achieved, and close current values were observed. A
high increase in methanol can be attributed to the fact that it
has a low carbon chain and leaves fewer by-products on the
surface. The decrease after a while can be attributed to the
formation of intermediates such as formic acid and the

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

blocking of active sites by toxic substances such as CO. In the
case of ethylene glycol, the two-carbon content may pose
a challenge for oxidation. The slight increase in current in the
results shows that the catalyst shows a very good interaction
with ethylene glycol. Although ethanol has a more complex
oxidation mechanism than methanol, the catalyst showed a very
stable behavior. It can be said that the fact that it is very difficult
to break carbon-carbon bonds in ethanol provides a more
constant current density without overloading the catalyst. In
Fig. 5e, the EIS measurement result is shown. The charge
transfer resistance is related to the semicircular diameter of the
Nyquist plot constructed using EIS measurements.*® The fact
that the EIS graph is partially wide can be seen that interme-
diate products can accumulate on the surface and make load
transfer difficult.

The relatively high catalytic performance of PdNiAg NPs in
methanol oxidation is based on the synergistic effects provided
by the alloy structure, surface properties, and structural

RSC Adv, 2025, 15, 28555-28564 | 28559
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Fig. 4 (a) Scan rate plot for PdNiAg in 1 M methanol, and in 1 M KOH solution, (b) current density plot versus square root of the scan rate in 1 M
methanol oxidation, (c) scan rate plot for PdNiAg in 1 M ethanol and 1 M KOH solution, (d) current density plot versus square root of the scan rate
in 1 M ethanol oxidation, (e) scan rate plot for PdNiAg in 1 M ethylene glycol, and 1 M KOH solution, (f) current density plot versus square root of
the scan rate in 1 M ethylene glycol oxidation.
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(a) CA plot obtained in 1 M methanol, 1 M ethanol and 1 M ethylene glycol for PANiAg NPs, (b) long term stability for PANiAg in 2 M
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Table 2 Comparison of the results obtained in current study and the literature studies

Electrocatalysis Solution Alcohol Scan rate (mV s ) Anodic peak current (mA cm ) References
Pd/CNT 1M KOH 1 M CH;0H 20mvs?t 24.9 44
MnCo0,0,/NiC0,0,/rGO 2 M KOH 0.5 M CH;0H 20 mvst 24.76 mA cm 2 45
PdAg-ANTSs/GC 1M KOH 1M C,HO 50 mV s ' 13.58 mA cm 2 46
PdAg-NS/GC 1 M KOH 1M C,HgO 50 mvV st 2.34 mA cm 2 47
PdNiAg@rGO/CoMoO, 1 M KOH 1 M C,Hg0, 50 mVs ! 196.58 mA cm 2 48
Au-decorated PdRu nanopopcorns 1 M KOH 1 M C,HgO, 50 mV s ! 22.1 mA cm? 49

PtCu 1 M KOH 1 M CH,;0H 50 mVs ! 187.7 mA cm 2

PdNiAg 1 M KOH 1 M CH;0H 50 mvV st 43.92 mA cm 2 This work
PdNiAg 1 M KOH 1 M C,HeO, 50 mV s~ ' 26.77 mA cm 2 This work
PdNiAg 1 M KOH 1M C,HgO 50 mV s ! 21.62 mA cm 2 This work

stability. While Pd serves as the active center in methanol
oxidation, Ni contributes to the easier removal of reaction
intermediates (especially CO) from the surface by modifying the
electronic structure of Pd, thus increasing the catalyst's resis-
tance to CO poisoning. While Ag is not directly active, it
increases the surface area by allowing Pd to be distributed more
homogeneously and contributes to the stability of the NPs. The
small and homogeneously distributed NPs, approximately 9 nm
in size, observed in TEM images, offer more active sites due to
their high surface area, which directly increases catalytic
activity. Furthermore, the structural stability of the PANiAg alloy
provides a significant advantage for long-term and efficient
catalysis. For these reasons, PANiAg NPs exhibit high perfor-
mance in electrochemical applications such as alcohol
oxidation.

Table 2 provides a comparison of alcohol oxidation studies
with various electrocatalysts to compare the results obtained
with the literature. According to the literature studies, it is seen
that the addition of NiAg to Pd increases electrocatalytic activity
considerably. It is also observed that the presence of Ni in the
catalyst provides high electrocatalytic activity, especially in
ethanol and ethylene glycol oxidation. The results agree with
the literature, and it can be said that the obtained catalyst is
promising in alcohol fuel cell studies.

4. Conclusion

In this study, PdNiAg NPs were synthesized by the chemical
reduction method for alcohol oxidation investigations. The
crystal structure formation of PdNiAg was revealed by XRD
analysis, and the particle size of PdNiAg obtained by TEM
results was found to be 9.12 nm. For the electrooxidation of
methanol, ethanol and ethylene glycol, the characterized
PdNiAg NPs were used in an alkaline medium. In the studies on
alcohol oxidation, current densities of 43.92 mA cm ™2, 26.77 mA
em ™2, and 21.62 mA cm ™~ > were obtained for methanol, ethylene
glycol, and ethanol respectively. The results showed that the
obtained catalyst provided one of the highest electrocatalytic
activity for methanol oxidation. In the I¢/I;, values obtained for
different alcohol oxidation, it was concluded that the interme-
diate product tolerance was higher for methanol and ethylene
glycol. From the scan rate graphs obtained, it was observed that

28562 | RSC Adv, 2025, 15, 28555-28564

the systems were diffusion-controlled, and the LSV results
showed that the catalyst started at an earlier potential in
methanol oxidation. In CA and 500-cycle long-term stability
tests, it is seen that the catalyst in the presence of methanol
shows 1.6 times more current density at the end of 5000 s and
provides an increase in current density over 500 cycles. In the
presence of ethylene glycol and ethanol, it can be said that the
catalysts gave a very good result in the long-term stability test.
The results are very promising in the oxidation of alcohols such
as ethanol, methanol, and ethylene glycol, with the PdNiAg
electrocatalyst showing very high electrocatalytic activity and
high stability. Due to its excellent performance, economic
benefits, and stability, this electrocatalyst can be used in studies
on alcohol oxidation.
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