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Ni–NiCr nanoparticles incorporated carbon
nanofibers as robust electrocatalysts for efficient
glycerol oxidation†

Nasser A. M. Barakat, *a Shimaa Hamada,a Ibrahim Mustafab and
Hesham Alhumadebc

The development of cost-effective and durable electrocatalysts for glycerol oxidation is essential for

advancing energy conversion technologies and chemical production. In this study, we synthesized Ni–

NiCr alloy nanoparticles incorporated into a graphitic carbon nanofiber (CNF) matrix using an electrospin-

ning technique followed by thermal treatment. The structural and electrochemical properties of the result-

ing Ni–NiCr-CNFs were systematically investigated. X-ray diffraction (XRD) confirmed the formation of a

Ni–NiCr alloy phase, while scanning and transmission electron microscopy (SEM/TEM) revealed a uniform

nanofiber morphology with embedded crystalline nanoparticles. Cyclic voltammetry (CV) and chronoam-

perometry demonstrated the excellent electrocatalytic activity and stability of the Ni–NiCr-CNFs toward

glycerol oxidation in alkaline media. The optimized electrocatalyst, prepared with 15 wt% chromium

acetate precursor, exhibited a maximum current density of 102.7 mA cm�2 in 0.5 M glycerol at 1.0 M

KOH, surpassing many reported precious metal-based catalysts. The temperature dependence study

indicated negligible impact on electrocatalytic activity, underscoring the robustness of the catalyst under

varying conditions. Chronoamperometry further confirmed the stability and durability of the catalyst, with

consistent current densities across different applied voltages. These findings highlight the synergistic

effects of the Ni–NiCr alloy and the graphitic CNF matrix in enhancing catalytic performance, making the

Ni–NiCr-CNFs a promising candidate for sustainable and efficient glycerol oxidation.

1. Introduction

Glycerol, a renewable and non-toxic byproduct of biodiesel
production, has gained significant attention in recent years as
a valuable feedstock for sustainable energy conversion and
chemical production. The biodiesel industry, which has rapidly
expanded to meet the demand for renewable energy, generates
approximately 10 wt% glycerol as a byproduct during the
transesterification of triglycerides. This oversupply has led to
a substantial drop in glycerol’s market value, creating an urgent
need to valorize this resource into high-value chemicals and
energy sources. Consequently, the development of efficient
strategies for glycerol utilization is not only economically
advantageous but also environmentally significant.1–3

Electrochemical glycerol oxidation, commonly referred to as
the glycerol oxidation reaction (GOR), represents a promising
and sustainable approach to glycerol valorization. GOR offers
dual benefits: it converts glycerol into high-value chemicals,
such as glyceric acid, tartronic acid, dihydroxyacetone, mesoxalic
acid, and formic acid, while simultaneously generating electrical
energy in direct glycerol fuel cells (DGFCs). These products have
broad industrial applications in pharmaceuticals, cosmetics,
food additives, and polymer precursors. Furthermore, GOR can
be carried out under mild reaction conditions, utilizing renew-
able electricity as the energy input, making it a highly attractive
process for green energy technologies.3–5

The efficiency of glycerol oxidation is critically dependent on
the electrocatalyst employed. Precious metals such as platinum
(Pt), palladium (Pd), and gold (Au) have been extensively
studied for GOR due to their high activity and selectivity.
However, these catalysts suffer from several drawbacks, including
high cost, limited availability, and susceptibility to poisoning by
intermediates such as carbon monoxide. To address these chal-
lenges, research efforts have focused on developing non-precious
metal-based electrocatalysts that are cost-effective, abundant, and
efficient.6–9
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Nickel (Ni)-based electrocatalysts have emerged as promis-
ing candidates for GOR in alkaline media. Nickel’s ability to
form Ni(OH)2/NiOOH redox species is a key factor in its
catalytic activity, enabling the oxidation of glycerol and other
alcohols.10,11 The incorporation of electrocatalysts into carbon-
based supports has further advanced the field of GOR. Carbon
nanofibers (CNFs) are particularly attractive as catalyst sup-
ports due to their high surface area, excellent electrical con-
ductivity, and structural stability. The integration of metal
nanoparticles into CNFs offers several advantages. CNFs enable
uniform distribution of active metal sites, reducing agglomera-
tion and increasing the availability of catalytic surfaces.12,13

The high conductivity of graphitic CNFs facilitates efficient
electron transport during electrochemical reactions.14 More-
over, CNFs provide robust support, ensuring long-term stability
under operating conditions.

Additionally, alloying nickel with other metals, such as
cobalt (Co), copper (Cu), and iron (Fe), has been a common
approach to enhance catalytic activity and stability.15–17 These
alloying elements are known to modify the electronic structure
of nickel, improve the adsorption of glycerol and hydroxyl ions,
and increase resistance to poisoning by reaction intermediates.
However, to the best of our knowledge, the incorporation of
chromium (Cr) as a co-catalyst with nickel for glycerol electro-
oxidation has not been previously reported in the literature.

Chromium is widely recognized for its ability to enhance the
electronic properties of metallic alloys and improve corrosion
resistance in harsh environments. In electrochemical systems,
Cr is often used as a stabilizing agent or a dopant to improve
the structural and catalytic performance of various materials.18

However, its role as a co-catalyst for glycerol oxidation in
combination with nickel represents a novel approach. In this
study, the synergistic effects of Ni and Cr in the Ni–NiCr alloy
are demonstrated to provide several advantages: (1) enhanced
electronic interactions that optimize the adsorption and activa-
tion of glycerol molecules and hydroxyl ions, (2) improved
durability and resistance to deactivation, and (3) stabilization
of the active sites during prolonged electrochemical operation.
These unique properties distinguish the Ni–Cr alloy from
conventional Ni-based or bimetallic catalysts.

The novelty of this work lies in introducing Cr as a co-
catalyst with Ni to form Ni–NiCr alloy nanoparticles incorpo-
rated into a graphitic carbon nanofiber matrix. This combi-
nation leverages the electronic and structural advantages of
Ni–Cr alloys while benefiting from the high surface area,
excellent electrical conductivity, and robust mechanical stabi-
lity of the CNF support. The results presented in this study
indicate that the Ni–NiCr-CNFs catalyst outperforms many
reported electrocatalysts, including precious metal-based ones,
in terms of activity, stability, and cost-effectiveness for glycerol
oxidation. To the best of our knowledge, this is the first report
in the literature that investigates and highlights the potential of
Cr as a co-catalyst with Ni for glycerol electrooxidation, paving
the way for the development of a new class of non-precious
metal-based electrocatalysts for sustainable energy and
chemical applications. Electrochemical testing demonstrated

the exceptional performance of the optimized electrocatalyst,
particularly the formulation containing 15 wt% chromium
acetate precursor. Furthermore, chronoamperometric analysis
confirmed the excellent stability of the catalyst, with negligible
performance degradation over extended operation. Temperature-
dependent studies showed that the catalyst maintained consis-
tent activity across a wide thermal range, highlighting its robust-
ness under diverse operational conditions. This work underscores
the potential of Ni–NiCr-CNFs as a cost-effective and high-
performance electrocatalyst for glycerol oxidation, paving the way
for the development of sustainable energy systems and value-
added chemical production.

2. Experimental section
2.1. Chemicals and reagents

All chemicals used in this study were of analytical grade and
used without further purification. Nickel(II) acetate tetrahydrate
(Ni(CH3COO)2�4H2O, Z99% purity), chromium(II) acetate
hydrate (Cr(CH3COO)3�xH2O, Z99% purity), and poly(vinyl alco-
hol) (PVA, molecular weight 89 000–98 000, 99% hydrolyzed)
were purchased from Sigma-Aldrich (USA). These chemicals were
used as precursors for the synthesis of the Ni–NiCr alloy
nanoparticles-incorporated carbon nanofibers (Ni–NiCr-CNFs).

Potassium hydroxide (KOH, Z85% purity) was obtained
from Merck (Germany) and used as the supporting electrolyte in
all electrochemical experiments. Glycerol (C3H8O3, Z99% purity)
was supplied by Alfa Aesar (USA) and used as the reactant in
glycerol oxidation studies. Deionized (DI) water (resistivity
418.2 MO cm) was used in all solution preparations and experi-
mental procedures. All solvents and additional reagents used were
of analytical grade and were obtained from local suppliers.

2.2. Catalyst preparation

The Ni–NiCr alloy nanoparticles-incorporated carbon nanofi-
bers (Ni–NiCr-CNFs) were synthesized via an electrospinning
process followed by thermal treatment. To prepare the electro-
spinning solutions, 1 g of nickel acetate was dissolved in 5 mL
of deionized water (DI), and the desired amounts of chromium
acetate were added to achieve chromium contents of 5, 10, 15,
and 35 wt% relative to nickel acetate. The salt solution was then
mixed with 15 mL of a 10 wt% aqueous PVA solution. The
mixture was stirred at 50 1C for 5 hours to ensure complete
dissolution and homogeneity. The resulting solution was sub-
jected to electrospinning under the following parameters: an
applied voltage of 20 kV, a tip-to-collector distance of 15 cm,
and a feeding rate of 0.07 mL h�1 using syringe pumps. The
electrospun nanofiber mats were collected on aluminum foil
and vacuously dried at 60 1C overnight.

The dried nanofiber mats were calcined under vacuum at
850 1C with a heating rate of 2 1C min�1 and a holding time of
5 hours. This calcination process facilitated the removal of the
polymer template and the formation of the Ni–NiCr alloy phase
within the carbon nanofiber matrix. The resulting material was
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cooled to room temperature under vacuum conditions, yielding
the final Ni–NiCr-CNFs catalyst.

2.3. Characterizations

The structural and morphological properties of the synthesized
Ni–NiCr-CNFs were analyzed using various advanced techniques.
The surface morphology and fiber structure of the electrospun
nanofibers were examined using scanning electron microscope
(SEM, JEOL JSM-7610F). High-resolution imaging and structural
analysis were conducted using a FEI Tecnai G2 F20 TEM, operated
at an accelerating voltage of 200 kV. TEM analysis was used to
determine the particle size of the Ni–NiCr alloy nanoparticles and
their dispersion within the nanofibers. The inter-planar spacings
and crystallinity of the alloy were further examined using high-
resolution TEM (HR-TEM). The crystalline structure and phase
composition of the Ni–NiCr-CNFs were characterized using a
Rigaku diffractometer equipped with Cu Ka radiation (l =
1.5406 Å). XRD patterns were recorded over a 2y range of 101–
801 at a scan rate of 0.021 s�1. The diffraction peaks corresponding
to the Ni–NiCr alloy and graphitic carbon phases were identified
and indexed using standard ICCD reference patterns.

The electrochemical performance of the Ni–NiCr-CNFs for
glycerol oxidation was evaluated using cyclic voltammetry (CV),
chronoamperometry (CA), and other electrochemical techni-
ques. All experiments were performed at room temperature in a
three-electrode electrochemical cell using a CHI660E electro-
chemical workstation (CH Instruments, USA). The working
electrode was prepared by depositing 60 mL of an ink solution
onto a glassy carbon electrode (GCE, diameter: 3 mm) and
allowing it to dry under ambient conditions. The ink was
composed of 2 mg of Ni–NiCr-CNFs, 20 mL of Nafion solution
(5 wt% in isopropanol), and 400 mL of isopropanol. The mixture
was ultrasonicated for 30 minutes to ensure uniform dispersion
of the nanofibers before deposition.

A graphite rod was used as the counter electrode, while an
Ag/AgCl (3 M KCl) electrode served as the reference electrode.
The electrolyte for all measurements was 1.0 M KOH solution
containing different concentration of glycerol, depending on the
experimental requirements. CV experiments were conducted
over a potential range of 0.2–1.0 V (vs. Ag/AgCl) at scan rates
ranging from 5 to 100 mV s�1. These measurements provided
insights into the catalytic activity, redox behavior, and charge
transfer characteristics of the electrocatalyst. Long-term stability
and durability of the electrocatalyst were evaluated using chron-
oamperometry at various fixed potentials. The current densities
were monitored as a function of time to assess the catalyst’s
resistance to deactivation under operational conditions.

3. Results and discussion
3.1. Electrocatalyst characterizations

3.1.1. Chemical composition. Fig. 1 shows the XRD pattern
for the obtained powder after calcination of NiAc/CrAc/PVA
(15 wt% CrAc sample) electrospun nanofiber mat. As shown,
the XRD results indicate the successful formation of a NiCr

alloy through the calcination process. The standard peaks of Ni
and Cr were included as bars. Due to the close crystal structure
of these two metals, there is an overlapping between the main
peaks of these metals; (111) for Ni and (110) for Cr as shown in
the figure. However, it is easy to distinguish between the two
metals by the second more important peaks; (200) for Ni and
(200) for Cr. The inset in Fig. 1 displays a magnification at
2theta region of these two peaks. As shown, Cr identification
peak has very small intensity, although the amount of the used
precursor is not negligible; 15 wt% with respect to NiAc.
Accordingly, it can be claimed that Cr atoms dissolved in some
Ni crystal to form solid solution alloy. This hypothesis can be
proved by the shift in the characteristic peaks of Ni and Cr
compared to their standard positions. Specifically:
� The Cr (200) peak, which is typically located at 2y = 64.551

(ICCD #85-1336), shifted to approximately 64.641.
� The Ni (200) peak, which is usually observed at 2y = 51.851,

shifted to around 52.21.
These shifts in the diffraction peaks suggest the formation

of a solid solution or an alloy phase.19 The observed shifts can
be attributed to the incorporation of Cr atoms into the Ni
lattice, which induces lattice distortions and changes in the
interatomic spacing. This is consistent with previous studies on
Ni–Cr systems, where the formation of alloys or solid solutions
leads to similar peak shifts.20

As it was reported, in inert atmosphere, NiAc decomposes
completely to zero-valent nickel under an inert atmosphere,
rather than forming nickel oxides. This decomposition releases
reducing gases such as carbon monoxide and hydrogen, which
assist in the formation of pure nickel. The reactions involved in
this process include.21,22

Ni(CH3COO)2�4H2O - 0.86Ni(CH3COO)2�0.14Ni(OH)2 +
0.28CH3COOH + 3.72H2O (1)

3(0.86 Ni(CH3COO)2�0.14Ni(OH)2) + 0.28H2O - 3NiCO3 +
2.44CH3COCH3 + 1.12H2 (2)

NiCO3 - NiO + CO2 (3)

Fig. 1 XRD pattern for the prepared Ni–NiCr NPs-incorporated CNFs
from electrospun solution containing 15 wt% CrAc and calcined at 850 1C.
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NiO + CO/H2 - Ni + CO2/H2O (4)

Analogy to NiAc, CrAc behave similar behavior to form zero-
valent metal. Then, these two metals combined to form the
NiCr alloy as it was concluded by XRD results. The calcination
process at high temperature under an inert atmosphere provides
the necessary thermal energy for diffusion and intermixing of Ni
and Cr atoms. During this process: Cr atoms diffuse into the Ni
lattice, forming a solid solution. The incorporation of Cr atoms
induces lattice distortions, resulting in the observed peak shifts
in the XRD pattern. Extended calcination stabilizes the NiCr
alloy phase, as evidenced by the uniform shifts in the XRD peaks.
The behavior observed in this study aligns with findings from
the structural evolution of Ni-20Cr alloys during ball milling and
heat treatments.19 Studies have shown that the incorporation of
Cr into Ni leads to the broadening and shifting of XRD peaks,
indicative of alloy or solid solution formation. These phenomena
are attributed to lattice strain and the high defect density
introduced during alloy formation.

Poly(vinyl alcohol) (PVA) has a relatively high carbon content
compared to other vinyl polymers, which makes it a suitable
precursor for crafting carbon nanofibers. However, challenges
arise due to its low melting point and its decomposition into
volatile, low-molecular-weight compounds during the heat treat-
ment process.23,24 To overcome these limitations, researchers
have employed two primary strategies: pre-treatment before
carbonization and the use of catalysts to enhance the graphitiza-
tion process. These methods involve structural modifications to
the PVA chain, which result in compounds with higher melting
points, thereby facilitating efficient graphitization.25,26

During the calcination process, techniques such as dehydra-
tion and dehydrogenation are used to extract aromatic carbon
from PVA. This enhances its carbon yield and contributes to the
stability of the nanofiber structure. A schematic illustration in
Fig. S1 in the ESI† outlines the optimal breakdown process of
PVA to maximize yield.27,28

Beside Ni and NiCr representative peaks, there is a broad
peak at two theta value around 261.29 This peak can be assigned
to graphite counterpart in the prepared materials. Therefore, it
can claimed that the formed zero-valent metals served as
catalyst for graphitization of the PVA polymer which was also
concluded in our previous study.30 Accordingly, it can be
concluded that calcination of NiAc/CrAc/PVA electrospun nano-
fibers results in formation of Ni–NiCr-graphite composite
material. It is noteworthy mentioning that the other prepared
samples revealed similar XRD patterns.

3.1.2. Morphology and internal structure. The SEM images
(Fig. 2) of the calcined powder reveal that the applied thermal
treatment process preserved the original nanofibrous morphol-
ogy of the electrospun NiAc/CrAc/PVA nanofiber mats. The
smooth, continuous, and uniform morphology observed in
the fibers demonstrates the robustness of the thermal process
and the chemical interactions during calcination. This result is
significant for maintaining the structural integrity of nanofi-
bers, which is essential for their intended applications in
catalysis or energy storage.

The preservation of the nanofibrous structure during calci-
nation can be attributed to the polycondensation tendency of
the acetate precursors (nickel acetate and chromium acetate).
Typically, acetate precursors exhibits a polycondensation ten-
dency, which helps maintain the nanofibrous morphology
during calcination.31,32 This reaction also promotes the for-
mation of a cohesive gel with the polymer during the electro-
spinning process, ensuring uniform nanofiber production.
This polycondensation reaction can be expressed as follows.27

(5)

During heat treatment, these precursors undergo a series of
thermal decomposition reactions, leading to the gradual release
of volatile by-products such as acetic acid, acetone, and water.
This controlled release prevents the collapse or agglomeration of
the nanofibers, allowing the structure to remain intact.

Nickel acetate, in particular, facilitates the formation of a
cohesive matrix by forming a gel-like intermediate during
decomposition. This gel-like phase stabilizes the fiber morphol-
ogy, ensuring that the structure remains intact even at elevated
temperatures. Studies have shown that the decomposition of
acetate-based precursors proceeds through intermediate carbo-
nate or hydroxide phases, which also contribute to maintaining
the structural integrity of nanofibers.33,34

The polycondensation reactions of acetate precursors result in
the formation of interconnected networks that prevent fiber
breakage or deformation. This process is particularly effective in
stabilizing the nanofibrous structure during the calcination
phase. The gradual thermal decomposition of acetate groups
avoids abrupt material loss, minimizing stress and deformation
within the fibers. This controlled process ensures that the nano-
fibers maintain their smooth and continuous morphology.35 The
presence of nickel and chromium also aids in stabilizing the fiber
structure. These metals act as catalysts for cross-linking reactions
during the decomposition of the organic matrix, further support-
ing the structural integrity of the nanofibers.36

The TEM image (Fig. 3A) reveals the internal structure of the
prepared Ni/NiCr NPs-incorporated carbon nanofibers (CNFs).
The observed structure comprises amorphous nanofiber matrix.

Fig. 2 Low; (A) and high; (B) SEM magnifications images for the prepared
Ni-NiCr NPs-incorporated CNFs from electrospun solution containing
15 wt% CrAc and calcined at 850 1C.
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The nanofiber matrix is largely amorphous, which can be
attributed to graphitic carbon. This conclusion aligns with the
XRD results (broad peak at B2y = 261), indicative of disordered
or turbostratic graphite.

Embedded crystalline Ni–NiCr nanoparticles distributing
throughout the matrix are highly crystalline metallic nano-
particles. These nanoparticles exhibit a wide size distribution,
ranging from a few nanometers to approximately 50 nm. The
estimated average diameter of the nanofibers (B150 nm)
matches the measurements from SEM analysis (Fig. 2), con-
firming the consistency of the electrospinning and calcination
processes.

The HR-TEM image (Fig. 3B) provides insight into the crystal
structure of the embedded nanoparticles. The interplanar spa-
cing measured at 0.3 nm is consistent with the crystal lattice of
the NiCr alloy. For nickel (Ni), the standard interplanar spacing
(dd) for the (111) plane is approximately 0.203 nm, and for the
(200) plane, 0.176 nm.37 For chromium (Cr), the standard
interplanar spacing for the (110) plane is 0.203 nm. In a NiCr
alloy, the lattice parameter shifts slightly due to atomic inter-
mixing. The observed spacing of 0.3 nm likely corresponds to a
specific alloy plane, further confirming the successful for-
mation of a NiCr alloy.38 Studies have demonstrated that
interplanar spacings in Ni-based alloys vary due to the incor-
poration of other elements like chromium, creating lattice
distortions that are detectable in HR-TEM.39

The crystallinity observed in HR-TEM suggests effective
thermal treatment and alloying, producing well-defined NiCr
phases even at the nanoscale. The TEM and HR-TEM results are
consistent with observations from SEM and XRD. SEM analysis
confirmed the uniform nanofiber diameter and morphology.
XRD analysis revealed characteristic peaks of the NiCr alloy,
corresponding to the crystalline nature of the nanoparticles
embedded in the CNF matrix. Amorphous carbon matrices
embedding metal nanoparticles have been extensively studied,
with turbostratic graphite forming due to the thermal decom-
position of carbon-rich precursors like poly(vinyl alcohol).13,40

The inset of Fig. 3A displays the SAED pattern for the
crystalline nanoparticles embedded in the CNFs. The ring
pattern observed in the SAED image is characteristic of

polycrystalline materials and provides crucial insights into
the structural properties of the NiCr alloy nanoparticles. The
concentric rings in the SAED pattern indicate the presence of
randomly oriented crystallites within the sample. This confirms
the polycrystalline nature of the embedded NiCr nanoparticles.
The observed rings correspond to specific crystallographic
planes of the NiCr alloy. For example, the innermost ring likely
represents the (111) plane, while the subsequent rings corre-
spond to higher-order planes such as (200) and (220). This
interpretation is consistent with the XRD findings. The poly-
crystalline nature of the nanoparticles can be attributed to the
alloying process during calcination, where the atomic diffusion
and intermixing of Ni and Cr create crystalline domains of
varying orientations.

3.2. Electrochemical properties

3.2.1. Surface electrocatalytic activity. To experimentally
confirm the electrical conductivity of the developed Ni–NiCr-
CNFs, a linear sweep voltammetry measurement was conducted
using a two-electrode configuration. The obtained V–I curve
(Fig. S2, ESI†) revealed an electrical conductivity of approxi-
mately 0.268 S m�1, demonstrating good electronic conductivity
suitable for electrocatalytic applications. Although we extensively
searched the literature for comparable conductivity data of
CNFs-based materials incorporating Ni or Ni-alloys, to the best
of our knowledge, such specific measurements are rarely
reported. Thus, our result contributes new experimental evi-
dence supporting the conductivity characteristics of this class of
materials.41,42

Nickel-based electrocatalysts exhibit remarkable electrocata-
lytic activity, primarily attributed to the formation of a Ni(OOH)
active layer on their surface. This transformation occurs during
cyclic voltammetry (CV) sweeps in an alkaline medium and
involves several distinct stages: Initial NiO Layer Formation:
Due to the inherent activity of nickel, a thin layer of nickel oxide
(NiO) naturally forms on the surface upon exposure to air or
moisture. This passive oxide layer serves as the precursor for
subsequent electrochemical transformations in an alkaline
environment.

In alkaline media, the naturally formed NiO layer undergoes
hydration, converting to Ni(OH)2. Despite this transformation,
the corresponding redox peaks are often undetectable in CV
profiles. This can be attributed to the rapid kinetics of the NiO
to Ni(OH)2 transition, coupled with the overlapping of signals
from other electrochemical processes, which collectively
obscure the detection of distinct peaks for this step.43,44

Upon further sweeping, Ni(OH)2 undergoes oxidation to
form Ni(OOH). This reaction is marked by the emergence of
distinct redox peaks in the CV profile. The intensity of these
peaks typically increases with repeated CV cycles as more
Ni(OOH) species are generated on the electrode surface, enhan-
cing the active catalytic area activity reactions.45–47

Fig. 4A illustrates the CV analysis for the synthesized NiCr
NPs-incorporated CNFs in 1.0 M KOH for 50 successive cycles at
50 mV s�1. The redox peaks observed in the CV curves corre-
spond to the Ni(OH)2 to Ni(OOH) are consistent with

Fig. 3 Normal TEM image; (A) and HR-TEM image; (B) for the prepared
NiCr NPs-incorporated CNFs from electrospun solution containing 15 wt%
CrAc and calcined at 850 1C. The inset displays SAED pattern for the
crystalline nanoparticles.
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established findings for nickel-based catalysts in alkaline envir-
onments. Contrary to the typical behavior of increasing peak
intensity with successive cycles, the CV analysis of the Ni–NiCr
NPs-loaded CNFs shows a decline in the intensity of the
Ni(OH)2/Ni(OOH) redox peaks with an increasing number of
cycles (Fig. 4B). This paradoxical behavior can be attributed to
the formation of a self-limiting oxide layer.

In NiCr alloys, repeated CV cycling in alkaline media
induces the formation of a dense, self-limiting oxide layer.
This layer, approximately 2 nm thick, forms due to the high
chemical stability of the NiCr alloy and its ability to resist
further oxidation beyond this critical thickness.48,49

The self-limiting nature of this oxide film prevents the
continuous formation of new Ni(OOH) species. As a result,
the active sites available for redox reactions are progressively
reduced, leading to a decline in the intensity of the Ni(OH)2/
Ni(OOH) redox peaks with successive cycles. The formation of
the self-limiting oxide layer in NiCr alloys can be explained
through its unique chemical and structural properties. Chro-
mium in the alloy preferentially oxidizes to form Cr2O3, which
integrates with the Ni oxide to create a compact, mixed oxide
film. This layer enhances the stability of the material but limits
further electrochemical reactions. The dense oxide film reduces
the number of electrochemically active nickel sites, leading to a
decrease in the redox peak intensity over time. This behavior
contrasts with pure nickel-based catalysts, where the absence of
chromium allows for sustained formation of Ni(OOH).

It should be noted that while the decrease in Ni(OH)2/
NiOOH redox peak intensity with cycling is consistent with
the expected formation of a self-limiting passive oxide layer,
this conclusion is based on indirect electrochemical evidence.
No direct surface characterization (e.g., XPS or TEM-EDS) was
conducted in this study to confirm the composition or thick-
ness of the oxide layer, and such investigations will be the focus
of our future work.

3.2.2. Glycerin electrooxidation. The cyclic voltammetry
(CV) curves in Fig. 5 show the electrocatalytic activity of
the Ni–NiCr NPs-incorporated CNFs (15 wt%) toward glycerol
oxidation in 1.0 M KOH solution with varying glycerol

concentrations (0.0 M, 0.05 M, 0.5 M, and 1.0 M). The results
demonstrate significant current densities at all glycerol con-
centrations, indicating excellent electrocatalytic performance.
The highest current density of approximately 102.7 mA cm�2 at
0.5 M glycerol and the low onset potential of B�0.01 V (at
0.05 M) highlight the superior catalytic performance of the NiCr
NPs-CNFs. This performance surpasses several conventional
electrocatalysts reported in the literature, including Pt-based,
Pd-based, Ni-based, and Au-based materials as shown in Table
S01 in the ESI.† The observed maximum current density at
0.5 M glycerol can be attributed to the optimal balance between
increased reactant availability and minimized mass transport
limitations. At higher glycerol concentrations, the system likely
experiences diffusion hindrance, increased viscosity, and pos-
sible electrode surface blockage by intermediates or side pro-
ducts, leading to a plateau or slight decrease in current density,
as similarly reported in the literature.2,50

Table S1 (ESI†) highlights the electrocatalytic activity of
various materials for glycerol oxidation. The synthesized

Fig. 4 Sweeping of the prepared NiCr NPs-incorporated carbon nanofibers in 1.0 M KOH at scan rate of 50 mV s�1 at 25 1C for 50 successive cycles; (A)
and selected cycles; (B).

Fig. 5 Electrooxidation of glycerol using the prepared Ni–NiCr NPs-
incorporated CNFs (15 wt% sample) at different glycerol concentration in
1.0 M KOH solution at 50 mV s�1 scan rate and 25 1C.
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Ni–NiCr-CNFs exhibit a maximum current density of 102.7 mA cm�2

in 1.0 M KOH with 0.5 M glycerol, surpassing even precious metal-
based catalysts like Pd, Au, and Pt.

The superior performance of the NiCr-CNFs, despite not
forming Ni(OOH) active species (as previously discussed in
Fig. 4), suggests a distinct catalytic mechanism driven by their
unique electronic structure and the adsorption properties of
the graphite nanofiber matrix. The incorporation of Cr into the
Ni matrix modifies the electronic structure of the catalyst’s
surface. This modification enhances the density of states near
the Fermi level, optimizing the adsorption and activation of
glycerol molecules and hydroxyl ions (OH�) in alkaline media.

Cr atoms contribute to enhanced charge transfer by acting
as secondary adsorption sites for OH�, a critical step in breaking
the C–C bonds in glycerol molecules. This synergistic interaction
is characteristic of high-performance electrocatalysts. The gra-
phitic carbon matrix plays a pivotal role in the mechanism of
glycerol oxidation. Graphite has a well-documented ability to
adsorb organic molecules, including glycerol. This facilitates the
pre-concentration of glycerol molecules on the catalyst surface,
increasing the availability of reactants for oxidation.51,52 The
high conductivity of the graphitic matrix ensures efficient elec-
tron transport between the NiCr active sites and the electrode,
minimizing resistance and enhancing catalytic performance.53

Moreover, the carbon matrix prevents agglomeration of the NiCr
nanoparticles, maintaining a high surface area and active site
availability throughout the reaction.

Conventional Ni-based catalysts derive their activity from
Ni(OH)2/Ni(OOH) redox transitions, which facilitate the adsorp-
tion and oxidation of glycerol. However, the NiCr-CNFs exhibit
remarkable activity without forming Ni(OOH). This deviation
can be attributed to the catalytically active alloy surface. The
NiCr alloy surface provides energetically favorable sites for
glycerol oxidation, bypassing the need for Ni(OOH) intermedi-
ates. Moreover, the Cr-enriched oxide layer stabilizes the alloy
surface, preventing over-oxidation and maintaining catalytic
activity. In other words, there is dual-site catalytic mechanism:
primary sites: Ni atoms act as active centers for the adsorption
of glycerol molecules, enabling their dehydrogenation and
oxidation. Secondary sites: Cr atoms facilitate the adsorption
of OH� ions, enhancing the oxidation process through syner-
gistic charge transfer. This dual-site mechanism ensures effi-
cient catalysis even at high current densities.

The graphitic matrix further amplifies this mechanism by
ensuring the uniform distribution of active sites and improving
glycerol interaction at the interface.54

Unlike Pd, Pt, or Au, which rely on scarce and expensive
metals, the NiCr-CNFs are composed of abundant and cost-
effective elements, making them a viable alternative for large-
scale applications. Paradoxically, compared to the precious
metals, the introduced nanofibers reveal better electrocatalytic
activity toward glycerol oxidation. The NiCr-CNFs exhibit super-
ior electrocatalytic performance for glycerol oxidation due to
their unique electronic structure, synergistic interaction
between Ni and Cr, and the adsorption capacity of the graphitic
nanofiber matrix. These findings underscore the potential of

NiCr-CNFs as a sustainable and high-performance alternative
to precious metal-based catalysts in energy and chemical con-
version applications.

3.2.3. Effect of activation process. The observed decrease
in electrocatalytic activity of the Ni–NiCr-CNFs after the activa-
tion process, as depicted in Fig. 6, suggests that the formation
of nickel oxyhydroxide (NiOOH) species on the catalyst surface
may impede glycerol oxidation. This is contrary to the behavior
of conventional nickel-based catalysts, where NiOOH is typi-
cally considered the active species for such reactions.

Indeed, it was proved Ni(OOH) species reveals good
activity toward electrooxidation of several compounds includ-
ing urea, methanol, ethanol. . . etc.55–57 However, based on
literature, Ni-based electrocatalysts don’t show distinct catalytic
activity toward glycerol oxidation which indicates that Ni(OOH)
does not have enough ability to dissociate the glycerol
molecules.

Therefore, it can be claimed that, the formation of a NiOOH
layer, during activation of the introduced nanofiber, can block
active sites on the NiCr alloy surface, hindering the adsorption
and oxidation of glycerol molecules. This phenomenon has
been observed in studies where the presence of NiOOH did not
enhance, and in some cases, even reduced the electrocatalytic
activity for glycerol oxidation.58

The presence of NiOOH may alter the reaction pathway,
leading to less efficient oxidation processes. For instance, in
certain nickel-based catalysts, the formation of NiOOH did not
correspond to improved glycerol oxidation rates, indicating
that NiOOH might not be the active species in all nickel-
containing electrocatalysts.58

The superior performance of the non-activated Ni–NiCr-
CNFs suggests that the intrinsic properties of the NiCr alloy,
in combination with the conductive and supportive CNF
matrix, are sufficient to facilitate efficient glycerol oxidation.
The formation of NiOOH during the activation process appears
to obstruct active sites and impede the reaction, highlighting

Fig. 6 Effect of the activation process on the electrocatalytic activity of
the proposed NiCr-CNFs (15 wt% sample) at 0.05 M glycerol in 1.0 M KOH,
scan rate 50 mV s�1.
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the importance of maintaining a NiOOH-free surface for opti-
mal electrocatalytic activity in this specific catalyst system.

3.2.4. Effect of chromium content. It is worth noting that
the observed enhancement in electrocatalytic activity upon Cr
incorporation is primarily attributed to the expected modification
of the surface electronic structure and active site properties, as
reported in previous studies on Ni-based alloys. However, in the
current work, no direct experimental or theoretical investigation
(e.g., XPS, UPS, or DFT) was performed to confirm the change in
the electronic state density, and this will be considered as an
important aspect of our future research. Fig. 7 illustrates the
impact of varying the chromium acetate precursor content
(5%, 10%, 15%, and 35%) on the electrocatalytic activity of
the synthesized Ni–NiCr-CNFs for glycerol oxidation. The
results clearly show that the electrocatalyst synthesized with
15% chromium acetate achieves the highest current density
(102.7 mA cm�2), outperforming other formulations. The data
suggests that chromium content plays a critical role in modulat-
ing the electronic and structural properties of the catalyst.

The observed minimum current density (21 mA cm�2)
corresponding to the lowest Cr content (5 wt%), indicates
insufficient chromium content to enhance activity. At 10 wt%
chromium acetate, moderate current density (36.5 mA cm�2),
showing some improvement due to partial alloy formation. At
15 wt% chromium acetate, the observed maximum current
density (102.7 mA cm�2), suggests optimal synergy between
Ni and Cr in the alloy. However, increasing the Cr precursor
more than the optimum threshold shows negative impact on
the electrocatalytic activity. At 35% chromium acetate: Decrease
in current density (48.1 mA cm�2), likely due to excess chro-
mium disrupting the catalytic balance. Moreover, the onset
potential for glycerol oxidation shifts positively with increasing
chromium content beyond 15%, suggesting reduced catalytic
efficiency at higher chromium levels.

Chromium incorporation into the Ni matrix alters the
electronic density of states near the Fermi level, optimizing
the adsorption of glycerol and OH� ions. This synergy is

maximized at 15% Cr content, resulting in enhanced activity.59

Ni atoms provide active sites for glycerol oxidation, while Cr
atoms facilitate OH� adsorption, promoting the catalytic reac-
tion. Excess Cr (e.g., 35%) can dilute the active Ni sites, reducing
activity. At 15%, the Ni–Cr alloy achieves a balance between
active site density and electronic enhancement, maximizing
glycerol adsorption and oxidation efficiency. This composition
likely corresponds to the formation of a homogenous alloy
structure with minimal lattice strain.

Excess Cr disrupts the alloy structure, reducing the avail-
ability of Ni active sites and increasing the likelihood of inactive
Cr oxides on the surface. The synergistic interaction between Ni
and Cr diminishes as the Cr content increases beyond the
optimal range, reducing the catalytic efficiency.

The study highlights the critical role of chromium content in
determining the electrocatalytic performance of Ni–NiCr-CNFs.
The optimal Cr content (15%) provides the best balance
between active site density, electronic structure enhancement,
and catalytic synergy, resulting in superior glycerol oxidation
performance. Excess Cr disrupts this balance, reducing activity.
These findings emphasize the importance of precise composi-
tional control in developing high-performance electrocatalysts.

3.2.5. Effect of scan rate. Fig. 8A illustrates the CV profiles
of the electrochemical system at various scan rates, ranging
from 5 mV s�1 to 100 mV s�1. This analysis is critical for
understanding the reaction kinetics, the electrochemical
mechanism, and the influence of scan rates on the redox
process. As shown, the anodic and cathodic peak current
densities increase linearly with the scan rate. This behavior
indicates a diffusion-controlled electrochemical process, where
the electron transfer rate is much faster than the diffusion of
the electroactive species to the electrode surface.60 The anodic
peaks shift to more positive potentials, while the cathodic
peaks shift to more negative potentials with increasing scan
rates. This observation suggests the presence of a quasi-
reversible reaction where the kinetics of the redox reaction
slightly limit the process.61

The broadening of peaks with increasing scan rates reflects
the influence of mass transport limitations, as higher scan
rates reduce the time for diffusion of the reactants to the
electrode surface. The shifts in peak potentials suggest that
the reaction involves a quasi-reversible electron transfer mecha-
nism. This means that while electron transfer is relatively fast,
it is not entirely reversible under the experimental conditions.
The potential shifts observed in the CV profiles are consistent
with findings in bimetallic catalysts such as PdAu and NiCo
alloys, which exhibit quasi-reversible behavior under alkaline
conditions.15,62 The CV curves exhibit stable and consistent
profiles across all scan rates, indicating that the catalyst main-
tains its activity and structural integrity during repeated
cycling. This stability is crucial for practical applications in
energy and chemical conversion systems.

Fig. 8B represents the relationship between the cathodic and
anodic peak current densities and the square root of the scan
rate for a given electrochemical system. This analysis provides
critical insights into the mechanism and kinetics of the

Fig. 7 Effect of the CrAc content in the NiAc/CrAc/PVA electrospun
solution on the electrocatalytic activity of the proposed NiCr-CNFs toward
glycerol at 0.05 M glycerol in 1.0 M KOH, scan rate 50 mV s�1.
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electrochemical process. The linear relationship between the
peak current density and the square root of the scan rate
indicates that the electrochemical process is diffusion-
controlled. This behavior follows the Randles–Ševčı́k equation
for reversible redox systems, suggesting that the electron trans-
fer rate is faster than the diffusion of reactants to the electrode
surface.63

ip = (2.69 � 105)n1.5AD0.5Cv0.5 (6)

where ip is the peak current, n is the number of electrons
transferred, A is the electrode area, D is the diffusion coeffi-
cient, C is the concentration of the electroactive species, and v
is the scan rate.

The high R2 values (0.997 for anodic peaks and 0.995 for
cathodic peaks) confirm the excellent linearity of the plot,
supporting the conclusion that the process is predominantly
diffusion-controlled. The symmetry between the anodic and
cathodic trends suggests a reversible redox reaction, meaning
that the forward (oxidation) and reverse (reduction) reactions
occur without significant kinetic limitations.

From the slope of the lines, the diffusion coefficients for the
electroactive species can be calculated using the Randles–
Ševčı́k equation. By comparing the slopes of the anodic and
cathodic lines, any discrepancies in diffusion rates for the
oxidized and reduced species can be analyzed. The diffusion
control indicates that the process relies heavily on the transport
of glycerol and hydroxyl ions to the electrode surface. This
behavior suggests that enhancing mass transport (e.g., through
stirring or using a flow cell) could improve the catalytic activity.

The linear relationship indicates that the catalyst provides a
stable surface for the redox reaction without significant kinetic
barriers. This reinforces the suitability of the catalyst for
diffusion-controlled electrochemical processes. The consistent
trends for anodic and cathodic peaks suggest that the redox
couple involved in the reaction maintains reversibility under
the experimental conditions.

All electrochemical measurements were performed without
applying iR compensation. The potential values presented in

this study reflect the uncompensated behavior, including the
contribution from the solution and contact resistances. This
approach was chosen to evaluate the practical performance of
the catalyst under realistic conditions. However, it should be
noted that at higher current densities, the influence of ohmic
drop could slightly shift the measured potential. In future
studies, iR compensation will be considered to more accurately
determine the intrinsic electrocatalytic activity of the developed
materials.

3.2.6. Effect of reaction temperature. The cyclic voltammetry
results (Fig. 9) show the electrocatalytic performance of the
optimized Ni–NiCr-CNFs electrode (15 wt% CrAc) at different
temperatures (20–60 1C) in 0.05 M glycerol with 1.0 M KOH.
While slight variations are observed in the anodic and cathodic
peak currents across the temperature range, these differences are
minor and exhibit no distinct trend. Thus, the results indicate
that temperature has a negligible impact on the electrocatalytic
performance of the Ni–NiCr-CNFs under the tested conditions.

The negligible differences in the anodic and cathodic peak
currents across the temperature range suggest that the electro-
catalytic activity of the Ni–NiCr-CNFs is relatively insensitive to
temperature. This stability can be attributed to robust catalyst
design. The Ni–NiCr alloy nanoparticles and the graphitic
carbon nanofiber matrix provide a stable and efficient platform
for glycerol oxidation, minimizing the effect of temperature
variations. Moreover, the glycerol oxidation reaction over the
Ni–NiCr-CNFs may operate with sufficient kinetic favorability
across the tested temperatures, maintaining a consistent
performance.

The lack of a distinct trend with temperature highlights the
versatility of the Ni–NiCr-CNFs catalyst, which can maintain stable
performance across a wide range of operating temperatures. This
temperature insensitivity is advantageous for practical applica-
tions, allowing the catalyst to perform effectively without the need
for precise thermal control.63

Unlike many electrocatalysts, where performance improves
or declines significantly with temperature due to changes
in mass transport or reaction kinetics,63,64 the Ni–NiCr-CNFs

Fig. 8 Cyclic voltammetry curves of the Ni–NiCr-CNFs (15 wt% sample) electrode at different scan rates (5–100 mV s�1) in 0.05 M glycerol with 1.0 M KOH
as the supporting electrolyte; (A), and the relationship between the anodic and cathodic peak current densities and the square root of the scan rate; (B).
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exhibit consistent behavior. This distinguishes the catalyst as a
thermally stable system, ideal for scalable and robust applica-
tions. This thermal stability underscores the robustness of the
Ni–NiCr-CNFs catalyst and its suitability for practical applica-
tions under varying thermal conditions.

3.2.7. Electrode stability. The chronoamperometry results
in Fig. 10 evaluate the stability of the Ni–NiCr-CNFs electrocata-
lyst for glycerol oxidation at stepwise increasing applied voltages
(0.4 V to 1.0 V vs. Ag/AgCl). As shown, at each voltage step, the
current density initially spikes sharply, followed by a rapid decay
and stabilization at a steady-state value. This behavior indicates:
A high rate of initial electron transfer due to the applied voltage.
A subsequent stabilization caused by the formation of inter-
mediate species or mass transport limitations.

The steady-state current density at each voltage remains
stable over the measurement period, demonstrating the cata-
lyst’s durability and ability to maintain activity without signifi-
cant degradation. The steady-state current density increases

proportionally with applied voltage, suggesting an enhanced
rate of glycerol oxidation with increasing overpotential.

The sharp increase in current density immediately after each
voltage step is indicative of a rapid electrochemical reaction at
the electrode surface. This initial spike corresponds to the
oxidation of glycerol molecules adsorbed on the catalyst surface
and the activation of reaction intermediates. The subsequent
decrease and stabilization in current density are characteristic
of: Mass transport limitations: As the reaction progresses, the
diffusion of glycerol and hydroxyl ions to the catalyst surface
becomes the rate-limiting step. The accumulation of partially
oxidized intermediates, such as glyceraldehyde or dihydroxya-
cetone, can block active sites temporarily, reducing the current
density before stabilization.

The linear increase in steady-state current density with
applied voltage suggests that the Ni–NiCr-CNFs catalyst is
highly responsive to overpotential, enabling efficient glycerol
oxidation at higher voltages. This behavior is consistent with
electrocatalysts exhibiting strong adsorption and activation of
reactants.

The steady-state current density remains consistent through-
out the chronoamperometric test at each voltage step, indicating
excellent stability of the Ni–NiCr-CNFs catalyst. This stability can
be attributed to robust catalyst design. The combination of Ni–
NiCr alloy nanoparticles and the graphitic CNF matrix provides
structural integrity and resistance to deactivation. Moreover, the
alloy’s surface resists passivation or fouling by intermediates,
maintaining catalytic activity over time.

The consistent performance across a range of voltages
underscores the potential of the Ni–NiCr-CNFs electrocatalyst
for practical applications in energy conversion and electroche-
mical systems, where stability and durability are critical. The
observed decay in current density after each voltage step
suggests that improving mass transport (e.g., by enhancing
electrolyte convection or optimizing electrode design) could
further enhance catalytic performance.

In summary, the chronoamperometry analysis demonstrates
that the Ni–NiCr-CNFs electrocatalyst exhibits excellent stabi-
lity and durability for glycerol oxidation. The catalyst maintains
consistent activity across various applied voltages, with stable
steady-state current densities at each step. These findings
highlight the robustness of the Ni–NiCr-CNFs catalyst, making
it a promising candidate for applications in electrochemical
energy conversion and alcohol oxidation processes.

To further evaluate the structural stability of the synthesized
Ni–NiCr-CNFs electrocatalyst after the electrochemical glycerol
oxidation tests, post-reaction SEM analysis was performed, as
shown in Fig. 11. The SEM images at two magnifications
confirm that the nanofibrous morphology of the catalyst was
largely preserved after the electrocatalytic operation, indicating
the robust mechanical and structural stability of the material
under the applied electrochemical conditions. It is important to
note that compared to the original SEM images (before use),
some additional fine threads and small-scale structures were
observed on the surface of the nanofibers. These newly
appeared features are attributed to the Nafion binder and

Fig. 9 Effect of reaction temperature on the electrocatalytic activity of
the Ni–NiCr-CNFs nanofiber electrode using 0.05 M glycerol solution at
50 mV s�1 scan rate.

Fig. 10 Chronoamperometric analysis of the Ni–NiCr-CNFs (15 wt%)
electrocatalyst at different applied voltages (0.4–1.0 V vs. Ag/AgCl) in
0.05 M glycerol with 1.0 M KOH.
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residual traces of isopropanol solvent, which were used during
the electrode preparation step to ensure proper adhesion of the
catalyst onto the glassy carbon substrate. Similar morphologi-
cal features arising from polymeric binders and solvents after
electrochemical testing have been previously reported in the
literature and are known not to negatively impact the intrinsic
catalytic performance of the active material itself.

Moreover, to further confirm the structural integrity of the
catalyst after electrochemical glycerol oxidation, XRD analysis
was conducted on the Ni–NiCr-CNFs (15 wt%) after use, as
shown in Fig. S3 (ESI†). The XRD pattern shows the character-
istic peaks corresponding to the Ni–NiCr alloy and graphitic
carbon matrix, which are consistent with the pattern observed
before the reaction. Notably, no new crystalline phases, such as
nickel or chromium oxides, were detected, and no significant
peak broadening was observed. This confirms that the Ni–NiCr
alloy phase and the carbon nanofiber structure remained stable
during the electrochemical testing, further supporting the
robustness and durability of the developed electrocatalyst
under the applied conditions.

4. Conclusions

Ni–NiCr alloy nanoparticles-incorporated graphitic carbon
nanofiber can be exploited as effective electrocatalyst for gly-
cerol oxidation in alkaline media. The synthesis process, invol-
ving electrospinning followed by thermal treatment, resulted in
a robust and efficient electrocatalyst with well-dispersed Ni–
NiCr nanoparticles embedded in a conductive CNF matrix. The
optimized electrocatalyst, prepared with 15 wt% chromium
acetate precursor, demonstrated a maximum current density
of 102.7 mA cm�2 in 0.5 M glycerol with 1.0 M KOH, out-
performing many reported precious metal-based catalysts. The
temperature-dependent study revealed that the catalytic activity
of the Ni–NiCr-CNFs was largely unaffected by thermal varia-
tions, underscoring the robustness and versatility of the mate-
rial. Additionally, chronoamperometric analysis indicated
excellent stability and durability, with the electrocatalyst main-
taining consistent performance across a wide range of applied
voltages. The exceptional electrocatalytic activity of the Ni–
NiCr-CNFs is attributed to the synergistic effects of the Ni
and Cr components, which enhance electronic properties,
optimize reactant adsorption, and stabilize the active sites.

The graphitic CNF matrix further contributed by improving
electron transfer efficiency, providing a high surface area, and
preventing nanoparticle agglomeration during electrochemical
reactions. This work demonstrates that Ni–NiCr-CNFs are a
cost-effective, high-performance alternative to precious metal-
based catalysts for glycerol oxidation. The catalyst’s stability,
scalability, and compatibility with alkaline media make it a
promising candidate for practical applications in direct glycerol
fuel cells and the production of value-added chemicals. These
findings contribute to advancing the development of non-
precious metal electrocatalysts, supporting the transition to
sustainable energy and chemical technologies. Future studies
will focus on further optimizing the composition and structure
of the catalyst to enhance its activity and selectivity for
specific glycerol oxidation products, as well as exploring its
applicability in other electrochemical energy conversion pro-
cesses. Additionally, although the current study focused pri-
marily on the electrocatalytic activity and stability of the
developed Ni–NiCr-CNFs catalyst, future work will aim to per-
form a comprehensive analysis of the glycerol oxidation pro-
ducts using larger-scale electrolysis setups, enabling detailed
insight into the reaction pathways and product selectivity.
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