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Abstract

The PGM-free Fe-Ni—Co trimetallic catalysts developed in this study demonstrated out-
standing performance for the oxygen evolution reaction (OER), achieving overpotentials
as low as 300 mV at 10 mA cm 2
competitive with the most efficient non-noble electrocatalysts reported in the literature.

in rotating disk electrode (RDE) measurements, a value

This study validates the strong catalytic performance of the baseline trimetallic configu-
ration and provides important insights into the relationships among synthesis, structure,
and morphology that govern catalyst activity. In particular, the findings highlight that
although organic additives can be promising modifiers, the interaction between precursors
and transition metals must be carefully controlled to avoid active-site isolation when de-
signing efficient catalysts for sustainable hydrogen production. Actually, to further enhance
catalytic activity, the nitrogen-rich precursor melamine was introduced into the supported
trimetallic catalyst and then carbonized. However, no improvement in OER performance
was observed. During carbonization, melamine promotes the formation of tip-growth
carbon nanotubes, which mechanically disrupt the catalyst structure and degrade the
supported active phase.

Keywords: oxygen evolution reaction (OER); water electrolysis; platinum group metal-free
(PGM-free); catalyst design; carbon black; melamine

1. Introduction

As the planet experiences unprecedented temperature increases, the harmful impacts
on ecosystems, weather patterns, and sea levels become more evident. Reducing green-
house gas emissions and transitioning to sustainable energy sources as quickly as possible
are imperative. Electrochemical technologies, with water electrolysis at the forefront, offer
a beacon of hope in mitigating climate change by providing clean energy solutions. Water
electrolysis technologies face a significant challenge in synthesizing catalysts that can en-
hance overall reaction efficiency. Catalysts play a pivotal role in lowering the activation
energy of chemical reactions, making the process more efficient by facilitating the breaking
and forming of chemical bonds. However, the intricate nature of catalysts, often multipha-
sic with varying structures and morphologies, presents challenges in their characterization,
especially under reaction conditions [1,2].
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The development of efficient and durable electrocatalysts for the oxygen evolution
reaction (OER) is a critical challenge for electrochemical energy-conversion technologies,
as sluggish kinetics and catalyst degradation substantially limit overall system efficiency
and long-term stability. A suitable catalyst must exhibit high activity and stability while
adhering to sustainability principles to be effective in an electrolyzer application. In this
context, the study focuses on addressing the intricate factors that influence the Oxygen
Evolution Reaction (OER), as described by Equation (1), which is the dominant reaction
in water electrolysis due to its higher kinetic overpotentials compared to the hydrogen
evolution reaction (HER) [3].

40H (aq) — 05 (g) + 2H,O (1) + 4e~ (1)

Materials such as iron, nickel, and cobalt, which have low associated CO, emissions
and energy expenditure during mining [4], as well as one of the most electrically conductive
metals [5] stand out as promising candidates and are already reported as the best materials
to be applied in the Oxygen Evolution Reaction (OER), as work developed by McCrory
et al. [6] and the work produced by Anderson et al. [7] stated, and that is why they were
chosen for this work.

Melamine (C3HgNg) was selected as a nitrogen precursor based on prior reports
demonstrating that nitrogen doping improves the OER activity in transition-metal catalysts
by increasing electronic conductivity, promoting favorable metal-support interactions,
and generating catalytically active defect sites. A recent study [8] showed a significant
enhancement in OER performance for a Fe-Ni-Co catalyst supported on N-doped carbon,
which is closely comparable to the catalyst synthesized and evaluated in the present work,
differing primarily in the nitrogen precursor employed.

Melamine was employed as a nitrogen-rich precursor because approximately 66 wt.%
of its mass consists of nitrogen, making it an efficient, low-cost, and comparatively less
hazardous N source compared to nitrogen-containing organic solvents often used in cata-
lyst synthesis, such as dimethylformamide (DMF). Melamine is a derivative of urea, which
has been shown to provide significant advantages when added to the electrolyte by pro-
moting Urea Oxidation Reactions (UOR). As reported by Liu et al. [9], UOR proceeds at a
significantly lower thermodynamic potential than OER, resulting in reduced cell voltages,
improved energy efficiency, and enhanced anodic reaction kinetics during hydrogen pro-
duction. These findings motivate the exploration of nitrogen-rich urea derivatives, such
as melamine, as functional additives or dopants capable of influencing electrochemical
activity and stability.

The assessment of the catalyst performance was performed using the Rotating
Disk Electrode (RDE), a valuable tool for characterizing catalysts, which is crucial
for optimizing electrochemical reactions and understanding their relationship with
physicochemical properties [10].

2. Materials and Methods
2.1. Catalyst Synthesis

All materials were purchased in the specified grade and used as received. As metal
precursors, inorganic metal salts of cobalt Co(NO3),-6 HyO (ACS 98%, Sigma-Aldrich, St.
Louis, MO, USA), nickel Ni(NOg3),-6 HyO (ACS grade, Merck, Darmstadt, Germany) and
iron Fe(NO3)3-9 HyO (98%, Alfa Aesar, War Hill, MA, USA) were used. The melamine used
(C3HgNg, 99%) was obtained from Alfa Aesar, War Hill, MA, USA. Two carbon supports
were investigated: Ketjenblack EC-600]D (Nouryon, Amsterdam, The Netherlands) and
Vulcan Black XC72R GP-3909 (Cabot Corporation, Boston, MA, USA).
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The catalysts were prepared by the wet impregnation method. The precursors were
dissolved in ultrapure water (18.2 M()-cm at 25 °C, Millipore Synergy UV, Merck, Darm-
stadt, Germany) under constant stirring. The resulting materials were then heat-treated
(calcined) in a split-type tubular furnace (Termolab, Agueda, Portugal) under an argon
inert atmosphere, up to 750 °C, with a total thermal cycle time of approximately 10 h. A

z
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schematic of the synthesis process is shown in Figure 1.

Heating plate Heating plate [ Heating plate | [ Heating plate ]
1st step: 2nd step: 3 step: 4t step:
Addition ultra- Adding Adding metal Adding catalyst

pure water melamine precursors support

VA

Catalyst 6t step: 5t step:
Thermal treatment Pestle and
mortar

Figure 1. Schematic representation of the catalyst synthesis process. The procedure consists of six
main sequential steps: (1) heating of ultra-pure water on a heating plate, followed by the addition
of (2) melamine (if intended to have melamine), (3) specific metal precursors (nitrates of Fe, Ni,
and Co), and (4) the catalyst support. After drying in the heating plate, the resulting mixture is
then (5) mechanically homogenized using a pestle and mortar and finally subjected to (6) thermal
treatment up to 750 °C to yield the final catalyst.

2.2. Electrode Preparation

A catalyst ink was prepared by dispersing 5 mg of catalyst powder in 560 uL of ultra-
pure water (18.2 MQ-cm ™! at 25 °C, Millipore Synergy UV), 125 uL of 2-propanol (ACS
reagent, >99.5%, Honeywell Riedel-de Haén, Seelze, Germany), and Nafion D521 ionomer
(Chemours, Wilmington, DE, USA), followed by 30 min of bath sonication. This ink was
drop-cast onto a gold surface (0.196 cm?), as shown in Figure S1 in the Supplementary
Information. Gold tip was chosen because of its superior corrosion resistance at high
potentials compared to glassy carbon [1]. The deposition was performed at 100 rpm
and dried at 700 rpm in air at room temperature, for approximately 1.5 h [1]. Prior to
catalyst deposition, the electrode was polished with a 0.05 um alumina suspension (Allied
High-Tech Products, Rancho Dominguez, CA, USA) to remove surface contaminants
and minimize surface roughness, thereby ensuring consistent electrode preparation and
reproducible electrochemical performance.

2.3. Electrochemical Characterization

Electrochemical measurements were carried out using a Zahner Zennium electrochem-
ical workstation. Rotating disk electrode (RDE) experiments were conducted using an
RDE710 system and a jacketed EuroCell™ (Gamry, Warminster, PA, USA) at room tempera-
ture (25 + 3 °C) and atmospheric pressure. A gold RDE tip (AFE3T050AU) was used as
the working electrode (WE), where the catalysts were deposited. A graphite carbon rod
was employed as a counter-electrode, and an Ag/AgCl electrode was used as the reference.
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The recorded potential values were converted to the reversible hydrogen electrode (RHE)
scale using Equation (Al) in Appendix A.1 [11].

Before and during the measurements, the electrochemical cell was purged with argon
to prevent contamination of the electrolyte from the external environment. The electrolyte
used was a 0.1 M KOH (puriss p.a. > 86% from Sigma-Aldrich, St. Louis, MO, USA)
aqueous solution prepared with ultrapure water (Millipore Synergy UV).

To assess the electroactivity of catalysts toward oxygen evolution reaction (OER),
Cyclic Voltammogram (CV) was first performed between 1.0 V and 2.0 V (later, the range
was increased to 1.2-2.2 V to ensure complete activation of the catalyst surface under highly
oxidative OER conditions) at a scan rate of 100 mV s~! for two cycles, to activate and then
another CV for three cycles, between 0.0 V and 1.0 V at a scan rate of 20 mV s~ !, in the
non-faradaic region, to ensure stabilization of the electrode—electrolyte interface after the
activation (“break-in”) step and to probe the capacitive response, enabling estimation of
the electrochemically active surface area (ECSA).

Linear Sweep Voltammetry (LSV) was performed between 1.2 and 2.0 V (vs. RHE)
at a scan rate of 10 mV s~! (later increased to 1.2-2.2 V), and the current density was
recorded with the electrode rotating at 1600 rpm. The rotation was demonstrated to
improve the activity, as shown in [12,13], because it helps to remove the bubbles caused by
the gas produced.

Electrochemical Impedance Spectroscopy (EIS) was performed at 1.6 Vryg with an
amplitude of 5 mV and a frequency range of 980 Hz to 1 kHz to determine the electrolyte
resistance (ohmic resistance).

The catalyst was further submitted to an accelerated stress test (AST). This test pro-
vides insight into the catalyst’s stability by enabling a comparison between the LSV
recorded at the beginning of life, BoL, and after the AST (end of life, EoL). The AST
cycles impose a potential between 1.3 and 2.0 V (vs. RHE), mimicking the transient con-
ditions associated with start-up and shut-down in hydrogen production, at a rotation
rate of 350 rpm (higher rotation rates can delaminate the catalyst layer before comple-
tion of the test), for a total of 5000 cycles [14]. The schematic representation is shown in
Figure S2 in the Supplementary Information.

2.4. Material Characterization

The metal content of the synthesized catalysts (Fe, Ni, and Co) was determined by
inductively coupled plasma-optical emission spectroscopy (ICP-OES, Thermo Scientific
iCAP 7000 seriesm, Cambridge, UK), and validated by atomic absorption spectrometry
(AAS, Unicam 939 AA spectrometer, Waltham, MA, USA). Particle size distribution was
measured by laser scattering (Horiba LA-960, Kyoto, Japan). Structural characterization
was performed by X-ray powder diffraction (XRD, Rigaku SmartLab SE, Tokyo, Japan),
and textural properties were evaluated by N; physisorption (Quantachrome Autosorb-1
instrument, Graz, Austria) using the BET method, with pore size distribution obtained from
the BJH model. Raman spectroscopy (WITec alpha300, Ulm, Germany) was used to analyze
structural order, while thermogravimetric analysis (TGA, Netzsch STA 449 F3 Jupiter,
Selb, Germany) was conducted under inert and oxidative atmospheres to assess thermal
stability. Morphological features were examined by transmission electron microscopy
(TEM, JEOL JEM 1400 TEM, Tokyo, Japan). The electrical conductivity of carbon black
was measured using a Conductivity Meter Press (Vasco da Gama, Model CMP-5, Porto,
Portugal). Surface chemical composition was analyzed by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi from Thermo Fisher Scientific, East Grinstead, UK), and functional
groups were identified by Fourier-transform infrared (FT-IR) spectroscopy (Vertex 70 FT-IR
Spectrometer from Bruker, Billerica, MA, USA).
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Detailed experimental procedures and instrumental parameters for all characterization
techniques are provided in the Supplementary Information.

3. Results and Discussion
3.1. Catalyst Composition

The prepared catalysts consist of Fe, Ni, and Co supported on carbon-based materials.
The primary role of carbon support is to ensure adequate dispersion of the active metallic
phase, thereby increasing the electrochemical surface area while providing mechanical
stability to the catalyst layer [15]. The selection of an appropriate support is governed by
several key factors, including sufficient surface area and porosity to host metal nanoparti-
cles, chemical resistance to alkaline or acidic electrolytes and operating temperatures, high
electronic conductivity, and stability under the electrochemical potentials applied during
cell operation.

Carbon materials were selected as catalyst supports due to their excellent electronic
conductivity and their versatility in tailoring morphology and nanostructure, which enables
uniform dispersion and stabilization of metallic nanoparticles within porous electrodes.
Despite these advantages, degradation mechanisms associated with metal nanoparticles
supported on carbon—such as carbon corrosion and metal detachment—have been widely
reported in the literature [16]. Increasing the degree of carbon graphitization is commonly
regarded as an effective strategy to enhance corrosion resistance by forming a more ordered
and robust carbon structure. However, highly graphitized carbons typically exhibit lower
porosity and surface area, which can hinder nanoparticle dispersion, reduce ECSA, and
limit mass transport within the electrode [17-19]. In addition, graphitized carbon surfaces
are generally more hydrophobic, which can impede uniform ionomer distribution—an
essential requirement for efficient ion conduction in electrolyzer electrodes [20,21].

Consequently, the rational design of advanced carbon supports that combine high
graphitization with sufficient surface area and tailored surface chemistry is crucial to
achieving improved catalyst stability without compromising catalytic activity. In this con-
text, heteroatom doping represents an effective strategy to modulate the physicochemical
properties of carbon supports.

In this work, melamine (C3HgNg) was used as a nitrogen source to dope the catalyst,
aiming to increase catalyst activity and stability, inspired by previous studies that reported
this effect when the catalyst was N-doped [8]. The previous investigators used dimethylfor-
mamide (DMF, HCON(CH3),), containing polyvinylpyrrolidone (PVP K-30, (C¢Hy9NO),)
as a stabilizing agent to N-dope the catalyst. This method is incompatible with the synthesis
conditions adopted in this work due to its strong reactivity with nitrates and its unsafe
handling at temperatures above 58 °C in an open atmosphere [22]. Melamine offers a
safer route. The impact of nitrogen doping will be evaluated using two carbon supports
(Ketjen and Vulcan) and by varying the metal loadings. This approach enables assessment
of the combined effects of carbon structure, dopant chemistry, and metal content on catalyst
activity, stability, and electrochemical performance.

Three pairs of catalysts were synthesized, differing in whether melamine was present
during synthesis. The loading of the metals and the support were varied. The first step was
to perform ICP-OES analyses to confirm the proportion ratio of the trimetallic catalysts.
The results are presented in Table 1 and were also validated using atomic absorption
spectrometry. The detailed results are available in the Supplementary Information.

According to the ICP-OES results summarized in Table 1. As expected, the metal load-
ing decreases across all supported catalysts upon the introduction of melamine. Achieving
precise Fe/Ni/Co ratios across all the prepared catalysts is experimentally challenging;
therefore, slight variations in metal distribution are expected and observed.
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Table 1. Metal mass concentration obtained by ICP-OES.

wt% Within the wt% of Metals

Sample Metals Metal Catalyst on the Catalyst
Co 38
Without Fe 24 10.0 + 0.1
melamine
FeNiCo 54 Ni 39
Ketjen Co 34
With Fe 31 8.5+ 0.2
melamine
Ni 35
Co 35
Without Fe 26 94+ 0.1
melamine
FeNiCo 54 Ni 39
Vulcan Co 38
With Fe 28 84 +0.1
melamine
Ni 34
Co 39
Without Fe 25 122401
melamine
FeNiCo 72 Ni 36
Ketjen Co 33
With Fe ) 105 + 05
melamine
Ni 24

Furthermore, ICP analysis indicates that carbon constitutes approximately 80% of
the catalyst mass. This high carbon content provides an extended conductive matrix and
abundant surface area for metal anchoring, which may limit macroscopic agglomeration but
does not prevent the melamine-induced redistribution and encapsulation effects observed
after calcination.

3.2. Surface Area Analysis

The physical architecture of an electrocatalyst, specifically its specific surface area and
porous structure, represents a primary determinant of its overall electrochemical efficiency,
particularly in multi-electron transfer processes such as OER. The textural properties
were quantitatively characterized through an automated physisorption flow analyzer
(physisorption of nitrogen at 77 K) to evaluate the results in terms of surface area (A;)
using the multi-point Brunauer-Emmett-Teller (BET), and porosity (pore volume and pore
diameter) was determined according to the Barret-Joyner-Halenda (BJH) method. The
results of the characterization of the catalysts and melamine are presented in Table 2.
Appendix A.1 presents the isothermal curves and their discussion.

According to the IUPAC, all samples with pores between 2 nm and 50 nm are called
mesoporous. The results in Table 1 show that all catalysts have mesopores, but they are
closer to micropores (<2 nm) than to mesopores (>50 nm).

The narrow range indicates that the synthesis route produces a uniform mesoporous
network, with only minor variations in average pore size among the materials [23].

The results presented in Table 2 reveal two tendencies: first, the catalyst with melamine
reduces the surface area and pore volume, as expected, since melamine in its pure state
has a low surface area, which can potentially hinder the availability of the active site

https:/ /doi.org/10.3390/app16073310
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and negatively influence the electrochemical results. Another notable observation is the
variation in surface area across different catalyst supports. The Ketjenblack EC-600JD
consistently exhibits a higher surface area and pore volume than Vulcan XC72 carbon
black. It is essential to understand how this result affects the electrochemical results. This
difference was expected, as the BET-specific surface area reported in the literature for
Ketjenblack EC-600]D is approximately 1400 m? g~!, and for Vulcan Black XC72R GP-3909,
approximately 218 m? g~ ! [14], which explains the significant difference observed between
the catalysts. These differences can significantly affect catalytic activity, adsorption capacity,
and mass-transport phenomena relevant to water electrolysis.

Table 2. Automated physisorption flow analyzer results.

Samole As—Multi-Pointggr BJH Pore BJH Pore C Value of the
P (m? g1 Volume (cm3 g—1) Diameter (nm) BET Equation
Melamine * 11 0.03 3.25 2.7
Without 143 0.68 3.50 1745
FeNiCo 54 melamine
Vul i
ican With 117 0.51 3.10 69.8
melamine
Without 1485 3.28 3.62 118.8
FeNiCo 72 melamine
Ketjen ;
9 Wlth. 1051 1.99 3.43 97.6
melamine

* Used as received.

3.3. Rotating Disk Electrode

The electrochemical results for the different catalysts were measured using a rotat-
ing disk electrode. The discussion is divided into 3 pairs of catalysts: FeNiCo 54 with
Ketjen support, with and without melamine; FeNiCo 72 with Ketjen support, with and
without melamine; and FeNiCo 54 with Vulcan support, with and without melamine.
Tables S7-59 in the Supplementary Material provide more detailed parameters for the elec-
trochemical results.

The polarization curves for FeNiCo 54 with Ketjen support are shown in Figure 2.

45
40
35
30
25 A Without melamine Bol

20 ©® Without melamine EolL

j(mAcm™?)

15 A With melamine BolL

10 ® With melamine EolL

1.2 1.4 1.6 1.8 2
E-IR (Veue)

Figure 2. Polarization curves- LSV (1.2 V to 2.0 V) results in studying the influence of melamine on
the catalyst FeNiCo Ketjen 54. BoL—Beginning of “life,” represented by open triangles; EoL—End of
“life,” represented by closed circles.
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In Figure 2, it is evident that the introduction of melamine negatively impacts the cata-
lyst’s performance, affecting both its activity and stability. The electrochemical parameters,
such as the onset potential, Tafel slope, and overpotential at 10 mA cm™2, as well as the
loss of efficiency, are all improved in the catalyst without melamine.

The second pair of catalysts, FeNiCo 72 with Ketjen support, had a higher metal
loading than the previously discussed catalyst (FeNiCo 54 with Ketjen support). Figure 3
shows the polarization curve obtained.

25 A Without melamine BoL

® Without melamine EoL

j(mAcm™)

A With melamine BoL

® With melamine EoL

1.2 1.4 1.6 1.8 2
E-IR (Voge)

Figure 3. Polarization curves- LSV (1.2 V to 2.2 V) results for studying the influence of melamine on
the catalyst FeNiCo 72 with Ketjen support. BoOL—Beginning of “life,” represented by open triangles;
EoL—End of “life,” represented by closed circles.

Figure 3 shows the same results as the previous pair of catalysts. The introduction of
melamine reduced catalyst performance, particularly in terms of activity and stability.

Regarding the metal concentration on the catalyst, even though more active centers
were present (by a small margin), this did not translate into higher activity and/or stability.

This analysis’s third and final pair is the catalyst FeNiCo 54 with Vulcan support. This
catalyst differs from the previously discussed one on the carbon support, in which the four
previously used Ketjen are now replaced by Vulcan. Figure 4 shows the polarization curve.

45

A Without melamine BoL
® Without melamine EoL
A With melamine BolL

® With melamine EolL

E-IR (Vgue)

Figure 4. Polarization curves- LSV (1.2 V to 2.2 V) results in studying the influence of melamine for
catalyst 54 and Vulcan support. BoL—Beginning of “life,” represented by open triangles; EoL—End
of “life,” represented by closed circles.
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The introduction of melamine reduced the catalyst performance with Vulcan support,
as verified in the previous pairs of catalysts.

Comparing the results of the catalysts with different carbon supports, the Vulcan
catalyst showed better results than the Ketjen catalyst, in terms of activity, although showing
a marginally lower stability, as reflected by a higher loss of activity (in %) between BoL and
EoL, but still better than the catalysts with Ketjen support in both cases in absolute values.

More information about the results can be found in Tables S1-S3 of the Supplemen-
tary Information.

3.4. TEM

The nanomorphology of the catalyst samples was studied by TEM. Representative
images from the catalyst with melamine and others without melamine are presented
in Figure 5.

Ly

Figure 5. Representative TEM micrographs: (a,c): FeNiCo 72 Ketjen with melamine of nanocarbon

produced in a Catalyst having melamine. (b,d): FeNiCo 72 Ketjen without melamine. Scale bars:
50 nm.

Initial morphological observations of the melamine-modified trimetallic catalyst (Fe-
Ni-Co) revealed extensive in situ formation of complex nanocarbon structures during
thermal treatment. The TEM images clearly show metal nanoparticles located at the tips of
concentric, bamboo-like carbon nanotubes (CNTs), indicating a predominant tip-growth
mechanism under furnace conditions [24].

Importantly, due to this specific growth mechanism and the differing carbon diffusion
kinetics of the individual metals, the active elements undergo physical separation and
migrate away from one another [25]. This spatial segregation disrupts the bonds required
for synergistic electronic interactions among Fe, Ni, and Co. As a result, the isolated metal
particles are less effective at reducing activation overpotentials, consistent with the inferior
electrochemical performance observed during rotating disk electrode (RDE) measurements.

In contrast, catalysts synthesized without melamine did not form extended CNT
structures. Instead, the metals remained more intimately alloyed and well anchored to the

https:/ /doi.org/10.3390/app16073310
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carbon support, leading to improved catalytic performance. This observation highlights
the critical importance of preserving trimetallic proximity, as the primary advantage of the
engineered catalyst lies in its synergistic multimetallic nature, which has been shown to
outperform mono- and bimetallic systems [26].

To further elucidate the intrinsic behavior of each metal and its role in promoting the
observed tip-growth phenomenon, three monometallic control catalysts (Fe, Ni, and Co)
were synthesized using melamine and Ketjen Black as supports, and the catalysts were
subsequently analyzed by TEM. The resulting micrographs confirm that all three transition
metals catalyze the formation of carbon nanostructures during thermal treatment. However,
their distinct physicochemical properties lead to markedly different morphologies, as
shown in Figure 6.

Fe

Co

Figure 6. Representative TEM micrographs of the synthesized monometallic catalysts: (A,B) Fe,
(C,D) Nji, and (E,F) Co, demonstrating their distinct carbon growth mechanisms. Scale bars: 50 nm
(A,B), 20 nm (C,D,F) and 10 nm (E).
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As observed in the Fe-based samples, iron exhibits a strong tendency to catalyze the
growth of highly crystalline, straight carbon nanotubes (CNTs). The TEM images reveal
well-defined, rigid tubular structures, often displaying the characteristic “bamboo-like”
compartmentalization associated with nitrogen-doped CNTs [27]. The dark, high-contrast
regions observed within these structures correspond to metallic nanoparticles, which act as
active centers driving the highly directional and ordered growth of graphitic planes.

In contrast, the Ni-based catalysts promote the formation of significantly more tortuous
and wavy carbon nanofibers (CNFs). The TEM images indicate a growth mechanism
predominantly governed by tip growth, in which the catalytic Ni nanoparticle remains at
the leading edge of the growing fiber [28].

As evidenced by the TEM analysis, cobalt catalyzes the formation of relatively thick,
multi-walled carbon nanotubes (MWCNTs). These structures combine tubular features
with densely graphitized, onion-like carbon layers encapsulating the metallic nanoparti-
cles [29]. Metal clusters are frequently observed either embedded within the carbon matrix
or anchored at the base of thicker nanotubes.

Consequently, the in situ growth of these N-doped carbon nanostructures is funda-
mentally detrimental to the OER activity of the trimetallic system. The carbon-growth
mechanism, especially the Ni-driven tip growth, forces spatial segregation of the Fe, Ni,
and Co phases during thermal treatment. As a result, the phase-segregated catalyst yields
inferior performance compared to systems in which the transition metals remain intimately
alloyed with the primary carbon matrix [30].

3.5. SEM/EDS

Scanning Electron Microscopy (SEM) coupled with Energy-Dispersive X-ray Spec-
troscopy (EDS) was employed to investigate the morphology and elemental composition of
the catalyst used for the Oxygen Evolution Reaction (OER). SEM analysis revealed surface
features, including particle size, porosity, and aggregation, which can significantly influence
electrocatalytic activity. EDS allowed for qualitative and semi-quantitative assessment of
surface elemental composition, confirming the presence and distribution of active metals
and dopants. This characterization is essential for correlating the material’s structural and
compositional properties with its OER performance.

SEM images are presented in Appendix A2, while EDS results are presented next
in Figure 7.

All catalysts prepared without melamine consistently show co-localization of the three
metals, indicating the formation of trimetallic systems. In contrast, this co-localization is
not systematically observed in catalysts prepared with melamine. A direct comparison
between the FeNiCo Ketjen 54 catalysts synthesized with and without melamine suggests
that the presence of melamine influences the spatial distribution of the metallic elements.
However, this effect is not uniformly observed across all catalyst formulations.

While regions of higher local metal concentration persist, the introduction of melamine
appears to limit the formation of highly concentrated metal domains, leading instead to a
broader surface distribution of the metal nanoparticles. This behavior may be associated
with melamine’s chemical role during synthesis, which can influence metal nucleation
and growth. In particular, the formation of carbon nanostructures, discussed in the previ-
ous section, may contribute to a partial spatial separation of the metallic species during
catalyst formation [31,32].

Although the specific carbon support (Vulcan vs. Ketjen) influences baseline par-
ticle dispersion, the addition of melamine is the dominant driving force, altering the
spatial distribution and proximity of the active metal sites regardless of the support used.
Consequently, catalysts prepared without melamine exhibit enhanced inter-metallic syn-
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ergy, which contributes to their superior electrochemical performance, as the close as-
sociation of the three metals appears to be highly favorable for OER activity under the

conditions investigated.

Figure 7. EDS elemental mapping of FeNiCo catalysts supported on Ketjen and Vulcan carbons, with
and without melamine. From left to right: Fe (green color), Ni (blue color), and Co (orange color).
Scale bars: 20 pum (FeNiCo Ketjen 54 without melamine), 50 pm (FeNiCo Ketjen 54 with melamine,
FeNiCo Vulcan 54 without melamine, FeNiCo Vulcan 54 with melamine, FeNiCo Ketjen 72 without
melamine), and 100 pm (FeNiCo Ketjen 72 with melamine).

3.6. Spectroscopic Characterization Techniques

Fourier Transform Infrared (FTIR) spectroscopy was employed to complement XPS
analysis and probe the chemical structure of the catalysts. The results (Figure S6) and the
discussion are presented in the Supplementary Information.
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3.6.1. X-Ray Photoelectron Spectroscopy

XPS analysis was employed to investigate the near-surface chemical speciation of the
catalysts, aiming to evaluate nitrogen incorporation and distinguish differences among the
carbon supports. Notably, after the thermal treatment, a white powder was observed at the
furnace outlet (Figure S3 of the Supplementary Material), which appeared to be melamine
(Figures 5S4 and S5 of the Supplementary Material). The formation of this by-product raised
uncertainty about the effectiveness of the nitrogen-doping process, suggesting that nitrogen
incorporation may have been limited or absent. This hypothesis is further discussed in the
context of the XPS N 1s spectra.

The focus will be on carbon (C 1s, ranging from 280 eV to 295 eV) and nitrogen (N 1s
394 eV to 408 eV), but spectra from the metals (Ni 2p (850 eV to 870 eV), Co 2p (775 eV to
805 eV), Fe 2p (700 eV to 725 eV) and oxygen (O 1s (528 eV to 542 eV) will also be treated.

The primary XPS region for carbon corresponds to the C 1s binding energy range,
approximately 284-290 eV, providing valuable information about the chemical states of
carbon in the sample. The main peak located at ~284.5 eV is typically assigned to sp>-
hybridized C-C bonds (graphitic or aromatic carbon) and sp>-hybridized C-C/C-H bonds
present in aliphatic structures. Peaks observed at 285-286 eV are attributed to carbon atoms
bound to more electronegative atoms, such as those in C-N or C-O functional groups.
C-N functional groups (285.4 eV to 286.2 eV) may influence the deconvolution of the
peaks around these binding energies and will be discussed later. Higher binding energies,
between 286 eV and 288 eV, are generally associated with carbonyl (C=0O) or ether/ester
(O-C-0O) groups, while a component around 289 eV corresponds to carboxyl or carbonate
(O—C=0) species. The fitting was performed according to the curve-fitting procedure for
graphitic/graphene/carbon nanotubes [33].

It is essential to note that the C 1s region alone does not permit the unambiguous
identification of specific metal-carbon interactions (e.g., Co-C, Fe-C, Ni-C), as these signals
typically overlap with the main C-C/C-H peak at 284.5 eV, taking the account the low
metal loading compared to carbon. Therefore, to confirm the presence and nature of
metal-carbon bonding, it is necessary to analyze the core-level spectra of the corresponding
metals (e.g., Co 2p, Fe 2p, Ni 2p) and to correlate these results with the overall chemical
composition and bonding environment of the material.

The results for C 1s are presented in Figure 8.

The C 1s region of the XPS spectra of all catalysts is dominated by a main asymmetric
contribution centered at approximately 284.5 eV, characteristic of electronically conductive
carbon with a high degree of sp? hybridization, indicative of well-developed graphitic
domains. However, this contribution does not have the same relative intensity in samples
prepared without and with melamine. Upon the introduction of melamine, a decrease
in intensity is observed, suggesting reduced graphitization. A broader satellite feature at
higher binding energy (around +6.4 eV relative to the central peak) is also observed and is
assigned to 7—7r* transitions associated with aromatic graphitic structures.

Catalysts prepared with melamine exhibit an additional and more pronounced con-
tribution around 286 eV compared to their counterparts without melamine. This feature
is commonly attributed to oxygen-containing carbon species (C-O, C-OH, C-O-C) and
indicates increased surface functionalization and chemical heterogeneity of the carbon
matrix. It should be noted that C-IN species can also contribute to this binding energy
region; however, since nitrogen is present in much lower amounts than carbon, this feature
likely reflects, at least in part, surface modifications of the carbon support. This difference
becomes less evident for the FeNiCo 72 Ketjen catalyst pair, suggesting that melamine has
a smaller impact on the surface chemistry in this case, despite the higher nitrogen atomic
concentration observed in the N 1s spectra (see Tables 3 and 4).
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Figure 8. XPS spectra (C 1s) of the six catalyst samples: (a1) 54 Ketjen without melamine; (a2) 54 Ketjen
with melamine; (b1) 54 Vulcan without melamine; (b2) 54 Vulcan with melamine; (c1) 72 Ketjen
without melamine; (c2) 72 Ketjen with melamine.
Table 3. XPS binding energies (BE), full width at half maximum (FWHM), and atomic percentages of
FeNiCo 54 Vulcan catalyst with and without melamine.
Without Melamine With Melamine
FeNiCo 54 Vulcan - -
BE (e¢V) FWHM (eV) Atomic % BE (eV) FWHM (eV) Atomic %
N 1s ND 398.8 0.7 141
Fe 2p 711.0 3.1 0.52 716.7 0.2 0.38
Co2p 780.9 4.6 0.62 778.9 0.4 0.46
Ni 2p3 metal 852.7 0.8 0.02 853.1 1.7 0.04
Ni 2p3 Ni-O 855.5 3.1 0.23 855.3 3.5 0.18
Ni 2p3 metal Ni-O satellite 861.2 3.5 0.14 860.7 3.5 0.09

ND = Not detected; Ni-O satellite peaks correspond to shake-up features characteristic of oxidized Ni species.
Atomic percentages refer to surface composition derived from XPS survey spectra.

https:/ /doi.org/10.3390/app16073310


https://doi.org/10.3390/app16073310

Appl. Sci. 2026, 16, 3310

15 of 29

Table 4. XPS binding energies (BE), full width at half maximum (FWHM), and atomic percentages of
FeNiCo 72 Ketjen catalyst with and without melamine.

Without Melamine With Melamine
FeNiCo 72 Ketjen - -
BE (eV) FWHM (eV) Atomic % BE (eV) FWHM (eV)  Atomic %
N 1s (Peak 1) 398.7 2.0 1.23
N 1s (Peak 2) ND 400.8 2.0 0.51
Fe 2p 711.2 2.8 0.34 713.0 2.6 0.25
Co2p 780.9 39 0.40 778.5 1.6 0.26
Ni 2p3 metal ND 852.9 1.3 0.03
Ni 2p3 Ni-O 855.6 3.5 0.14 854.9 35 0.15
Ni 2p3 metal Ni-O satellite 861.6 3.5 0.09 862.3 3.5 0.04

ND = Not detected; Ni-O satellite peaks correspond to shake-up features characteristic of oxidized Ni species;
Atomic percentages refer to surface composition derived from XPS survey spectra.

Nitrogen incorporation is more reliably assessed from the N 1s spectra, located
in the 397401 eV binding energy range. In this region, contributions associated with
metal-nitrogen species (typically 397-398 eV) may be present; however, due to peak over-
lap, the specific metal-nitrogen bonding environment cannot be unambiguously distin-
guished without analyzing the individual metal core-level spectra. The region between
approximately 399 and 401 eV is also of interest, as it can indicate nitrogen bound to carbon
species. The results for N 1s, Fe 2p, Co 2p, and Ni 2p are presented in Tables 3 and 4.

Nitrogen is detected exclusively in the samples prepared with melamine, confirming
its successful introduction onto both carbon supports at comparable concentrations. The N
1s binding energies are the same for both catalysts, suggesting that nitrogen is anchored in a
similar chemical environment, most likely associated with the carbon support, as a binding
energy around 398.8 eV is typical of azide- or pyridinic-type nitrogen species. In contrast,
nitrogen coordinated directly to transition metals is often reported at binding energies
near 397 eV [34]. Given the high carbon atomic concentration (ca. 90%), it is therefore
reasonable to expect that nitrogen is predominantly bonded to carbon. Despite lower
metal concentrations, small shifts in the metal core-level binding energies are observed,
suggesting that some degree of electronic reorganization is also occurring in these metals.

Comparing the Vulcan and Ketjen supports, Ketjen generally shows a slightly higher
nitrogen content, which can be attributed to its higher surface area and greater density
of surface functional groups. This enhanced nitrogen incorporation may influence metal
dispersion and metal-support interactions.

Overall, the XPS analysis confirms that the introduction of melamine leads to nitro-
gen functionalization of the catalyst surface while largely preserving the chemical states
of Fe, Co, and Ni. The main effect of melamine is therefore associated with surface
modification and partial coverage of metal sites rather than with changes in the metal
oxidation states [28].

3.6.2. Raman Spectroscopy

Raman spectroscopy was utilized to characterize the structural properties of the carbon
supports and the synthesized catalysts. The degree of graphitization, crystallinity, and
defects was assessed from the intensity ratios of the characteristic carbon bands. The pure
carbon supports were studied first to establish a baseline; pure melamine was also analyzed
using this technique, but it revealed no peaks in the typical carbon regions: neither between
1570 cm~! and 1600 cm~! (where the graphitic G band, corresponding to the stretching of
sp2 C—C bonds is located), nor in the 1330-1360 cm™! range (where the disorder-induced
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D band appears). This absence was expected, as melamine lacks the conjugated sp?> C-C
bonds typical of graphitic networks. However, as shown in the subsequent results, the
presence of melamine within the catalyst matrix profoundly modifies the Ip/Ig ratios [35].

To assure a robust physical and mathematical deconvolution of the highly overlapped
spectra typical of these highly disordered carbons, a hybrid fitting model was employed.
The D4, D1 (D), G, and D2 (D’) bands were fitted using Lorentzian functions (accounting
for homogeneous phonon broadening). Conversely, the D” (or D3) band, located near
1500 cm !, was fitted with a Gaussian function. The D” band is independent of the
excitation laser wavelength and is widely reported to be associated with amorphous sp?
bonded carbon forms and interstitial defects [36,37].

The results present both intensity ratios, Ip/Ig and Iy /Ig, for both carbon supports,
in Figure 9 and Table 5.
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= Total Fit G
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D (DY)
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=~ — —
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Figure 9. Results of Raman spectroscopy for: (a) Ketjen Black EC600JD and (b) Vulcan XC72R a
hybrid Lorentzian-Gaussian fitting model.

The obtained spectra are typical of carbon blacks. Based on the calculated intensity
ratios, Vulcan XC72R presents a higher crystallinity, whereas Ketjenblack exhibits a much
more defective and amorphous micro-structure (Ip/Ig and Iy /Ig). This difference is con-
sistent with the exceptionally high porosity and surface area displayed by Ketjenblack. [38].
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Table 5. Results of Raman spectroscopy for Ketjen Black EC600JD and Vulcan XC72R, with Lorentzian
fits applied to D, G, D, and D4, and a Gaussian fit applied to D"

Catalyst Band Center Ip/ig Ipi/lg R?
D(D1) 1335 + 0.2
G 1583.3 + 1
K%tlcegz)g]lg* D’ (D3) 1498.3 + 5.1 1.57 £ 0.09 0.24 + 0.02 0.999
D' (D2) 1606.8 £ 0.9
D4 1185+ 3
D(D1) 1337.6 + 2.8
G 1577.6 + 3.4
Vulcan XC72R D" (D3) 1490 + 6.5 1.15 £ 0.07 0.22 £0.02 0.985
D' (D2) 1610.2 £ 1.4
D4 1185 + 10.7

Generally, higher carbon crystallinity results in higher electronic conductivity, which
is crucial for running electrochemical reactions. Conversely, a more amorphous, defective
material can provide a higher density of active sites to host the metal catalysts, thereby
improving catalytic reactivity. To evaluate macroscopic electron transport, the electrical
conductivity of both pure carbon blacks was measured as a function of the applied specific
force. The results are presented in Figure 10.

@ Ketjen Black EC 600 JD
Vulcan XC72R

0.00 1 1 1 1 1 ]
0 20 40 60 80 100 120

Pressure (N m-2)

Figure 10. Electrical conductivity of the investigated carbon blacks as a function of the specific force.

The results in Figure 10 show that Ketjenblack is significantly more conductive than
Vulcan XC72R, which aligns with previous reports [38].

Raman analysis reveals that Ketjenblack has a more defective, amorphous microstruc-
ture at the atomic level [39]. While such microstructural disorder typically hinders intra-
particle electron transport, the superior bulk conductivity of Ketjenblack highlights the
critical role of mesoscale morphology [40]. Specifically, Ketjenblack forms highly branched
“high-structure” aggregates that facilitate an extremely efficient 3D percolation network,
effectively minimizing inter-particle contact resistance [41,42]. Therefore, Raman spec-
troscopy provides crucial insights into the intrinsic atomic-level disorder, which, when
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combined with the macroscopic aggregate morphology, explains the complex bulk electrical
behavior of these carbon supports.

To investigate the effect of nitrogen doping (N-doping), Raman spectroscopy was
performed on the catalysts synthesized with and without melamine. Table 6 summarizes
the variation of Ip /I and Iy /Ig across the different catalysts.

Table 6. Results of Raman spectroscopy for catalysts supported on Ketjen Black EC600JD and Vulcan
XC72R, with and without melamine, with Lorentzian fits for D, G, D/, and D4 and a Gaussian fit for
D”. The graphics can be consulted in Supplementary Information (Figures S7-512).

Catalyst Band Center Ip/Ig Ipi/Ig R?
D(D1) 13414 + 0.5
FeNiCo 54 G 1589.4 + 2.7
Ketjen without D’ (D3) 1490 + 6.9 1.30 + 0.08 0.12 + 0.01 0.978
melamine D' (D2) 16109 + 2.9
D4 1215 + 5.6
D (D1) 1343 + 1.5
FeNiCo 54 G 1586.9 + 4.8
Ketjen with D’ (D3) 1510 + 16.8 1.48 + 0.13 0.25 + 0.02 0.937
melamine D' (D2) 1617.9 + 6.1
D4 1185 + 112
D (D1) 1347.6 + 3.2
FeNiCo 54 G 1594.5 + 3.1
Vulcan without D’ (D3) 1510 + 16.8 1.08 + 0.07 0.34 + 0.03 0.974
melamine D' (D2) 1627.8 + 8.7
D4 1185 + 11.8
D (D1) 13427 + 1.8
FeNiCo 54 G 1591.9 + 18.5
Vulcan with D’ (D3) 1510 + 5.5 1.28 4 0.10 0.55 + 0.05 0.977
melamine D' (D2) 1608 + 9.8
D4 1185 + 11.7
D (D1) 1340.5 + 0.2
FeNiCo 72 G 1594.6 + 1
Ketjen without D’ (D3) 1497.3 + 4.6 1.39 + 0.08 0.24 + 0.02 0.996
melamine D' (D2) 1619.4 + 1.6
D4 1206.7 + 3.8
D (D1) 1341.7 + 0.4
FeNiCo 72 G 1590.3 + 2.1
Ketjen with D’ (D3) 1510 + 10.1 2.00 + 0.15 0.33 + 0.03 0.990
melamine D' (D2) 1614.4 + 1.8
D4 1185 + 12.3

As shown in Table 6, melamine incorporation significantly increases the amorphous
and defective character of the carbon support. This is evidenced by the prominent rise in
both the Ip/Ig and Iy /Ig ratios upon melamine addition, reflecting a structural transition
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from a graphitic lattice to a highly disordered framework. The Raman analysis agrees with
the XPS C 1s results, which independently show a reduction in the (C=C) contribution;
together, these techniques indicate a severe disruption of the conjugated carbon network.
Therefore, Raman spectroscopy confirms that nitrogen doping significantly increases the
structural disorder of the carbon framework.

3.7. XRD

XRD analysis was performed to characterize the crystalline structure of the Fe-Ni-Co—carbon
catalysts using Cu K« radiation (A = 1.5406 A). The diffractograms reveal a complex multi-
phase composition. Face-centered cubic (FCC) nickel is identified by its principal (111)
reflection a ~44.5°, alongside secondary reflections for the (200) plane at ~51.8° and the
(220) plane at ~76.4° [43]. Cobalt may crystallize in either FCC or hexagonal close-packed
(HCP) structures; the FCC phase diffracts at ~44.2°, (overlapping with Ni), while the HCP
phase presents distinct reflections for the (100) and (101) planes at approximately 41.7°and
47.5°, respectively, in addition to the (002) reflection at 44.5° [44]. Iron (BCC «-Fe), exhibits
its main (110) reflection at ~44.7°, confirmed by higher-order reflections at ~65.0° (200)
and 82.3° (211) [45]. Additionally, the presence of nickel stabilizes face-centered cubic y-Fe
(FCCQ) iron, which exhibits a (111) reflection at between 43.5° and 44.0°.

Consequently, the intense diffraction band observed near 44° results from the extensive
convolution of FCC Ni, FCC/HCP Co, BCC Fe, and potentially FCC y-Fe reflections. This
severe overlap strongly suggests either the formation of a complex ternary alloy or the
coexistence of multiple metallic domains.

Regarding the carbon support, a dominant graphitic (002) reflection appears at ~26.5°.
In N-doped samples, nitrogen incorporation disrupts long-range order, generating a broad
turbostratic halo between 20° and 30° [45]. Crucially, this confirms that N-doping occurs
via matrix integration rather than forming isolated phases, causing only peak broadening
or shifting instead of distinct nitrogen reflections [46].

Figure 11 shows the complete diffractogram (5° to 90°) for the three pairs of catalysts,
as well as an insight into the range between 42° and 46°.

Graphitic crystals (at ca. 26.2°, ICDD 00-058-1638) were observed in all samples.
However, the XRD patterns of the samples synthesized with and without melamine exhibit
clear differences in the metallic region ~44°. The catalyst prepared without melamine shows
a sharper and more intense peak, suggesting larger crystallites and a higher degree of
structural ordering. Conversely, the N-doped catalyst exhibits a broader, more asymmetric
peak. This pattern indicates that melamine decomposition supplies nitrogen and modifies
the local chemical environment, inhibiting crystallite growth and promoting lattice strain.
The peak asymmetry and inability to match a single JCPDS reference confirm the coexistence
of multiple phases-likely ternary alloy domains alongside segregated metallic or oxide
regions—contributing to the material’s overall heterogeneity.

The catalyst prepared without melamine shows a sharper and more intense peak
near ~44°, suggesting larger crystallites and/or a higher degree of structural ordering.
Conversely, the N-doped catalyst displays a broader and more asymmetric peak, which
can be attributed to reduced crystallite size, increased lattice strain, and the formation of
additional nanostructured phases promoted by nitrogen incorporation during melamine
decomposition. As melamine decomposes, it supplies nitrogen and modifies the local
chemical environment, promoting the formation of nitrogen-doped carbon and influencing
the dispersion of Ni, Fe, and Co. This favors the stabilization of smaller alloyed domains and
inhibits the growth of larger crystallites, in agreement with the observed peak broadening.

The potential formation of a magnetite (Fe304) phase was specifically investigated by
examining the diffraction patterns at 35.4° (Figure 12).
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Figure 11. XRD diffractograms of catalyst samples (a—c): (al)—complete diffractogram of 54 Ketjen
without and with melamine. (a2)—focus on principal peaks of the metals (between 42° and 46° on
the catalyst of 54 Ketjen without and with melamine. (b1)—complete diffractogram of 54 Vulcan
without and with melamine. (b2)—focus on principal peaks of the metals (between 42° and 46° on
the catalyst of 54 Vulcan without and with melamine. (c1)—complete diffractogram of 72 Ketjen
without and with melamine (c2)—focus on principal peaks of the metals (between 42° and 46° on the
catalyst of 72 Ketjen without and with melamine. Characteristic peaks are represented by ¢ Catalyst

with melamine; * Catalyst without melamine.

This assessment was motivated by reports stating that nitrogen precursors can modu-
late local charge density and influence the speciation of iron oxides [47]. However, in this
study, no characteristic magnetite peaks were detected, nor were there significant spectral
differences in this region between the catalysts synthesized with and without melamine.

In summary, the XRD analysis confirms that melamine significantly alters crystallinity
and phase distribution within the Ni-Fe-Co—carbon system, producing a more dispersed
but structurally more complex catalyst. However, this increased structural refinement does
not enhance performance, highlighting that nitrogen doping is not universally beneficial
and that its effect strongly depends on the coordination chemistry and phase behavior of

the specific metallic system.
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Figure 12. XRD diffractograms of catalyst samples between 29° and 39° (a—c): (a) complete diffrac-
togram of 54 Ketjen without and with melamine. (b) diffractogram of 54 Vulcan without and with
melamine. (c) diffractogram of 72 Ketjen without and with melamine. Characteristic peaks are
represented by ¢ Catalyst with melamine; * Catalyst without melamine.

4. Conclusions

The Fe-Ni-Co carbon-supported catalysts synthesized in this work rank among the
best performing PGM-free materials reported in the literature for OER in alkaline media,
achieving overpotentials as low as 300 mV for 10 mA cm~2, obtained using a RTE.

Regarding the tested carbon black supports—Vulcan Black XC72R GP-3909 and Ketjen-
black EC-600JD—Vulcan outperformed Ketjenblack in terms of OER activity and stability.
This superior performance was assigned to Vulcan’s higher resistance to electrochemical
oxidation and its ability to foster more stable interactions with the Fe, Ni, and Co active
species during operation.

Increasing the metal loading was detrimental to OER activity, as evidenced by the
performance decline observed between the FeNiCo 54 Ketjen and FeNiCo 72 Ketjen cata-
lysts. This trend appears to correlate with the structural differences observed in the XRD
patterns. Specifically, in the FeNiCo 54, which exhibits a sharp (in the 42° to 46° range),
singular reflection characteristic of a homogenous alloy, the FeNiCo 72 counterpart displays
a broadened and split peak profile. These features suggest that excessive precursor loading
likely induced phase segregation rather than increasing the density of accessible active
sites, underscoring the importance of optimizing the metal-to-support ratio.

In contrast to the typically reported performance enhancement of nitrogen-doped
carbon materials, under the synthesis conditions used in this study, the introduction of
melamine led to a decline in all electrochemical parameters. These results suggest that this
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decline is linked to the reduced surface area and pore volume in the melamine-modified
samples. Furthermore, melamine promoted the formation of carbon nanotubes via a tip-
growth mechanism, which appears to have physically displaced or isolated active metal
fragments, thereby reducing catalytic efficiency. To mitigate this, future synthesis strategies
could decouple the process by N-doping the carbon support before adding metal precursors
and seeking an optimization of melamine addition.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app16073310/s1, Figure S1: On the left side, the working electrode
has a gold tip without a catalyst. On the right, the deposition of 10 uL of the ink on the working
electrode. Figure S2: The accelerated stress test scheme used had a duration of approximately 19 h
and 27 min. Figure S3: White powder at the end of the calcination process. Figure S4: TGA compares
the melamine used in the catalyst synthesis and the powder collected in the furnace, using oxygen as
a drag gas. Figure S5: TGA of melamine uses nitrogen as a drag gas. Figure S6. Infrared Spectrum
obtained by two different catalysts, one that had melamine in the synthesis formulation (orange line)
and the other that did not have melamine in the synthesis formulation (Blue line). ss—Very strong;
s—Strong; m—Moderate. Figure S7. Raman fit for FeNiCo 54 Ketjen without Melamine. Figure S8.
Raman fit for FeNiCo 54 Ketjen with Melamine. Figure S9. Raman fit for FeNiCo 54 Vulcan without
Melamine. Figure 510. Raman fit for FeNiCo 54 Vulcan with Melamine. Figure S11. Raman fit for
FeNiCo 72 Ketjen without Melamine. Figure 512. Raman fit for FeNiCo 72 Ketjen with Melamine.
Table S1. Results of ICP for FeNiCo 54 Ketjen without melamine (measurements were performed
in triplicate). Table S2. Results of ICP for FeNiCo 54 Ketjen with melamine (measurements were
performed in quadruplicate). Table S3. Results of ICP for FeNiCo 54 Vulcan without melamine
(measurements were performed in quadruplicate). Table S4. Results of ICP for FeNiCo 54 Vulcan
with melamine (measurements were performed in quadruplicate). Table S5. Results of ICP for FeNiCo
72 Ketjen without melamine (measurements were performed in quadruplicate). Table S6. Results of
ICP for FeNiCo 72 Ketjen with melamine (measurements were performed in quadruplicate). Table
S7: Overpotential at 10 mA cm~?2 of the catalyst, considering the thermoneutral voltage of 1.48 V,
and the onset potential for the catalysts FeNiCo 54 ketjen. Table S8: Overpotential at 10 mA cm 2
of the catalyst, considering the thermoneutral voltage of 1.48 V, and the onset potential for the
catalysts FeNiCo 72 ketjen. Table S9: Overpotential at 10 mA cm 2 of the catalyst, considering the
thermoneutral voltage of 1.48 V, and the onset potential for the catalysts FeNiCo 54 Vulcan.
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Abbreviations

The following abbreviations are used in this manuscript:

AEMWE  Anion Exchange Membrane Water Electrolysis

AST Accelerated Stress Test

ATR Attenuated Total Reflectance

BCC Body Centered Cubic

BET Brunauer-Emmett-Teller

BJH Barrett Joyner Halenda

BoL Beginning of life

BSE Back-scattered Electron Detector
BWF Breit Wigner Fano

CPE Constant Phase Element

Ccv Cyclic Voltammetry

ECSA Electrochemical surface area

EDS Energy Dispersive spectroscopy
EIS Electrochemical Impedance Spectroscopy
EoL End of life

FCC Face Centred Cubic

FTIR Fourier Transform Infrared

HCP Hexagonal Closed Packed

HER Hydrogen Evolution Reaction
ICP Inductively Coupled Plasma

IEC Ion Exchange Capacity

LSV Linear Sweep Voltammetry

MEA Membrane Electrode Assembly
OER Oxygen Evolution Reaction

ORR Oxygen Reduction Reaction

PEM Proton Exchange Membrane
PGM Platinum Group Metals

RDE Rotating Disk Electrode

RHE RHE-Reversible Hydrogen Electrode
SCE Saturated Calomel Electrode

SED Secondary Electron Detector

SEM Scanning Electron Microscopy
STP Standard Temperature and Pressure
TEM Transmission electron microscopy
TOF Turnover frequency

UOR Urea Oxidation Reactions

WE Working Electrode

Appendix A. Characterization Methods
Appendix A.1. Automated Physisorption Flow Analyzer

For the gas adsorption calculation was chosen the BET calculation model for surface
area determination, by following Equation (A1) [23].

L LS
Tl(l—ﬂ)_nmc nuC - p°

) (A1)
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where 7 is the specific amount adsorbed at the relative pressure % and n,, is the specific
monolayer capacity, and C is exponentially related to the energy of monolayer adsorption.

The BET equation strictly describes a linear plot of 1/ [(np%) — 1] vs. %, which for most
solids, using nitrogen as the adsorbate, is restricted to a limited region of the adsorption
isotherm, usually in the % range of 0.05 to 0.35 [48]. The quantity of C should be positive; a
negative interception on the ordinate of the BET plot is the first indication that one is outside
the appropriate range. C can be determined by the following Equations: (A2), (A3) and (A4).

Cc-1
slope = (A2)
m
interception = g\f; é (A3)
: (A4)

" slope + interception

The second stage in applying the BET method is calculating the BET area from the
monolayer capacity. This requires a knowledge of the average area, o;; (molecular cross-
sectional area), occupied by the adsorbate molecule in the complete monolayer. The
Equation (A5) comes:

a5 (BET) = nm-L-%ﬂ (A5)

where a5 (BET) is the BET specific area of the adsorbent (of mass m), L is the Avogadro
constant oy, is the molecular cross-sectional area (assumed to be 0.162 nm? para Np) [49].

In Figures A1-A3, it is possible to observe the isothermal curves obtained for melamine
and the different pairs of catalysts.

Volume ( cm3 g 1 (STP))
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—8— Ads

—@—Des

Relative Pressure (P/P,) Pore diameter (nm)

Pore Volume (cm3 g™*)

0.5 1 2 4 8 16 32 64

Figure Al. Nitrogen adsorption/desorption isotherms and pore size distribution of melamine.
STP = Standard Temperature and Pressure.

The nitrogen adsorption—desorption isotherm Figure Al exhibits the characteristic
shape of a Type III isotherm according to the IUPAC classification. The adsorption branch
shows a continuous concave increase with relative pressure (P/Py), without the appearance
of a distinct plateau, indicating the absence of a well-defined monolayer formation. This
behavior suggests weak interactions between the adsorbate (N;) molecules and the surface,
while adsorbate—adsorbate interactions predominate at higher relative pressures.

The calculated BET surface area should be interpreted with caution, as the BET model
is not ideally applicable to Type IIl isotherms. Overall, this isotherm type is typically asso-
ciated with nonporous or macroporous materials with low surface energy or hydrophobic
character, in which multilayer adsorption occurs mainly through adsorbate—adsorbate
interactions rather than strong surface binding.

Figure A2 shows the results of the catalyst with Vulcan as support, with and with-
out melamine.
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Figure A2. Nitrogen adsorption/desorption isotherms and pore size distribution comparison of
catalyst FeNiCo 54 with Vulcan. Ads—Adsorption; Des-Desorption.

Regarding the observed pattern, both graphs exhibit similar behavior, resembling a
typical type Ill isotherm. In this type of isothermal process, adsorbate-adsorbate interactions
dominate, enabling multilayer adsorption. This behavior often indicates the use of non-
porous or macroporous materials with hydrophobic or inert surfaces.

Figure A3 shows the results of the catalyst with Ketjen as support, with and with-
out melamine.
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Figure A3. Nitrogen adsorption/desorption isotherms and pore size distribution comparison of
catalyst FeNiCo 72 with Ketjen.

The graphs presented in Figure A3 both show a hysteresis loop type H4. The H4
loop is somewhat similar across the catalysts; however, the adsorption branch is now a
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composite of Types I and II, with the more pronounced uptake at low P/Pj associated with
micropore filling. H4 loops are often found with aggregated crystals of zeolites, some
mesoporous zeolites, and micro-mesoporous carbons. As already indicated, the common
feature of H3, H4, and H5 loops is the sharp step-down of the desorption branch. Generally,
this is within a narrow range of P/P for the particular adsorbate and temperature (e.g., at
P/Py ~ 0.4-0.5 for nitrogen at 77 K).

In both catalyst samples, the volume adsorbed is consistently higher in the samples
without melamine.

Appendix A.2. Scanning Electron Microscope

To assess the influence of metal loading, SEM analyses were performed to determine
whether there were visible and homogeneous differences in the sample.

0 S
15kV 10.3mm X400 BSE M n 100pm 15kV 10.3mm X1.00k BSE M 50.0pm

Figure A4. SEM micrographs of the FeNiCo 54 Ketjen melamine catalyst: (left) 400 x magnification
and (right) 1000 x magnification.

15kV 10.3mm X400 BSE M 50.0pm

Figure A5. SEM micrographs of the FeNiCo 54 Ketjen catalyst without melamine: (left) 400x magnification
and (right) 1000 x magnification.

15kV 10.1mm X60 BSE M 500um 15kV 10.2mm X600 BSE M 50.0pm

Figure A6. SEM images of the FeNiCo 54 Vulcan melamine catalyst: (left) 60 x magnification and
(right) 600 x magnification.
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