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ARTICLE INFO ABSTRACT

Keywords: Cobalt-doped iron niobate samples, Fe(;_,)CoxNbO4 (0 < x < 0.20), synthesized by the solid-state reaction
FeNbO4 ) method, were characterized using X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy
?;131 calculations (SEM) and energy dispersive spectroscopy (EDS). Density functional theory (DFT) calculations was employed to

assign the experimental Raman modes of FeNbO4 and for cobalt-doped iron niobate, as the Raman spectra
showed no significant changes in the profile upon doping. The crystal structure was successfully refined in the
monoclinic system with the P21/n space-group symmetry, containing two formula units per unit cell (Z = 2).
SEM analysis revealed particles with irregular morphology, and the average crystallite size increased with cobalt
doping ((D) = 28.0 + 1.6 pm). EDS confirmed the incorporation of cobalt into the samples. Electrochemical
measurements demonstrated promising hydrogen evolution reaction (HER) activity, with an overpotential of
approximately 620 mV at a current density of 10 mA/cm? and a Tafel slope of 156 mV/dec for the
Fe.80C00.20NbO4 composition. Additionally, a negligible loss of overpotential was observed after 10 consecutive
hours of hydrogen evolution. These findings indicate that incorporating Co?* ions into the iron niobate (FeNbO4)
matrix significantly enhances the material’s electrocatalytic performance. The promising results suggest that Co-
doped FeNbOy, as a noble metal-free electrocatalyst, holds considerable potential for applications in sustainable
hydrogen production.

Cobalt-doped and hydrogen evolution reaction

1. Introduction global priorities [1-3]. Hydrogen has been identified as a promising
alternative due to its high energy density, renewability, and clean
The rapid advancement of modern society and the global economy byproducts [4]. Molecular hydrogen (Hy) can be produced through

has increased the demand for innovative and clean energy solutions. In various methods, with water electrolysis standing out for its efficiency.
parallel, the depletion of conventional fossil fuel reserves, exploration of This process involves two primary reactions: the hydrogen evolution
sustainable energy sources, and growing concerns over environmental reaction (HER) at the cathode and the oxygen evolution reaction (OER)
pollution, particularly greenhouse gas emissions, have emerged as at the anode, making it a promising approach for large-scale hydrogen
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Fig. 1. (a) X-ray diffraction patterns of the Fe(;_,)Co,NbOy4 (0.0 < x < 0.20) samples. (b) Unit cell of the Fe(;_)Co,NbO4 in the monoclinic symmetry structure with
P2,/c (C;ﬁ) space group. (c) Zigzag chains of (Fe/Co)O¢ and NbOg octahedra, sharing edges parallel to the c axis. (d) Zigzag chains intersect of (Fe/C0)Og and NbOg

octahedra, sharing edges parallel to the long c axis.

production [5]. Currently, the state-of-art of electrocatalyst materials
used to promote both reactions are based on noble metal, such as plat-
inum (Pt), palladium (Pd), and ruthenium (Ru). However, the high cost
and limited availability of noble metal-based catalysts present substan-
tial barriers. Consequently, developing HER -catalysts that utilize
non-noble metals, while achieving high catalytic activity and durability,
remains a critical challenge. This need has driven researchers to inves-
tigate the potential of other materials, especially transition metals,
which are more cost-effective and abundant in the Earth’s crust in the
form of ores [6-8].Transition metal oxides, carbides, sulfides, and ni-
trides have been extensively studied for their HER activity [8-11].
However, achieving high stability for catalysts in both alkaline and
acidic environments remains challenging, often limiting their durability
in water electrolysis applications [12]. The bimetallic oxide FeNbOy,
known for its robustness under extreme conditions, shows considerable
promise for providing enhanced stability in the water electrolysis pro-
cess. Iron-based materials (Fe) are favored for their high catalytic ac-
tivity, affordability, and natural abundance [13]. Niobium (Nb), on the
other hand, contributes excellent electrochemical and catalytic proper-
ties [14,15], making it a promising candidate for further HER studies.
FeNbOj4 has also been widely studied in other domains for its magnetic
[16-18], dielectric [19,20], morphological [20], structural, and vibra-
tional properties [16,21]. Despite these investigations, there remains a
need for more detailed analysis on its vibrational properties.

Additionally, there is a growing interest in theoretical studies involving
density functional theory (DFT) to explore its properties further [22,23].
Several strategies have been developed to enhance the physical and
chemical properties of iron niobate (FeNbO4) and its applications,
including the in-situ growth of ferric niobate in porous carbon [24] and
the use of carbon dioxide in reductive reactions during synthesis [25].
Among these methods, the doping transition metals has demonstrated
particularly effectiveness in optimizing the structure and improving its
properties [16,26]. The role of redox-active cations is pivotal in doping,
as they serve as intermediary agents, that facilitate the modulation of the
electronic structure of FeNbOy4. These cations can interact directly with
the active sites of the material, thereby adjusting the electronic density
and promoting more efficient redox reactions. This modulation of
electronic properties contributes to an improved electrochemical per-
formance of the material [27-31]. Consequently, understanding the
substitution at the lattice site by ions with varying ionic radii and mixed
valence states can significantly enhance the properties of FeNbO4.

In this context, the process of Co?" ions doping in electrocatalysts has
been widely explored as an effective strategy to enhance catalytic ac-
tivity in HER. Studies have shown that the incorporation of Co®* ions
can reduce the adsorption energy of hydrogen on the catalyst surface
and improve the reaction kinetics. For instance, Zhu et al. [32], using
DFT calculations, demonstrated that Co doping in VSey significantly
reduces the Gibbs free energy for hydrogen adsorption (AGg),
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Fig. 2. Observed (gray), calculated (red), and differential (blue) patterns of Rietveld refinements of X-ray diffraction for Fe;.,yCo,NbO, polycrystalline. (a) x = 0.0,
(b) x = 0.05, (c) x =0.10, (d) x = 0.15 and (e) x = 0.20. The gray circles symbols and the red line denote the observed and calculated intensities, respectively. Short
verticals green, red and wine indicate the position of the possible Bragg reflections of the FeNbO,, Fe;O3 and CoFe;04 phase, respectively. The difference between the
observed and calculated profiles blue is plotted at the bottom. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

promoting higher catalytic efficiency. Similarly, Lin et al. [33] found
that introducing Co into Mo2C nanowires substantially improved cata-
lytic activity by reducing the overpotential and enhancing catalyst sta-
bility. Moreover, Dai et al. [34], showed that Co doping in MoS;
generates an active CoMoS phase, optimizing hydrogen adsorption and
improving HER kinetics. This study investigates the effects of
substituting Fe®" ions with Co?*t ions on the structural, vibrational,
morphological, and, most notably, electrochemical properties of the
FeNbO4. Additionally, density functional theory (DFT) studies have
been conducted to gain deeper insights into the vibrational properties.
Furthermore, understanding the structural evolution under reaction can
provide valuable insights into the effects of cobalt doping.

2. Experimental and theory section
2.1. Synthesis

Polycrystalline samples of iron-cobalt niobate, Fe(; _,)Co,NbO4 (0 <
x < 0.20), were synthesized using the solid-state reaction technique,

which involves the homogenization of the powder precursor samples.
Stoichiometric amounts of iron oxide (FeyOs, Sigma-Aldrich, 99 %),
niobium oxide (Nb2Os, Sigma-Aldrich, 99 %), and cobalt (II) sulfate
(C0S04.7H50, Merk, 97 %) were used in the starting powder mixture.
This mixture underwent heat treatment at 600 °C for 2 h in an ambient
atmosphere. Following heat treatment, the mixture was subjected to a
grinding process at a speed of 200 rpm for 20 min, after which it was
sintered at 1200 °C for 24 h.

2.2. Electrochemical measurements

All electrochemical characterization studies were conducted using a
potentiostat/galvanostat (AUTOLAB  PGSTAT30, Metrohm-Eco
Chemie), controlled by NOVA software version 2.11, in a standard
three-electrode configuration within a 1 mol/L NaOH alkaline solution
at 298 K. Initially, an ink was prepared by dispersing 10 mg of catalyst
material in 950 y L of ethanol and 50 u L of a Nafion solution (10 wt%),
followed by homogenization via ultrasonication for 30 min. The work-
ing electrode was then prepared by drop-casting 1 u L of the ink onto a
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Fig. 3. Experimental and calculated Raman spectra of FeNbO, in the 100-900
em™! region.

Table 1
Observed and calculated Raman modes for the FeNbO,, together with their as-
signments based on DFT calculations for the monoclinic phase.

Raman  Raman  sym  Assignments modes
@Dobs WDcal
133.72 132.81 B, Tx[NbOg]
146.60 150.69 A,  Ty[NbOs + FeO]
172.01 157.69 Bg Txz[NbOg + FeOg] in the diagonal of the xz plane
209.16  233.02 By Ty, [NDOs + FeOg]
222.06 25645 B, Lib [NbOg + FeOg]
271.96 285.88 Ag Bend [NbOg + FeOg] of strong motion of Fe atoms
299.83 32448 Ag Bend [NbOg+ FeOg] of moderate motion of Fe atoms
along y-axis
318.92  339.11 B, Bend [NbOg + FeOg]
359.41 364.90 By Lib [NbOg + FeOg]
389.71 429.91 Ag Bend [NbOg + FeOg]
412.62 440.50 B, Bend [NbOg + FeOgl
464.28 462.05 A, Bend [NbOg + FeOg] strong motion of O in the Fe-O-Nb
bonds
494.61 47031 B, Bend [NbOg + FeOg]
488.22  Aq Bend [NbOg + FeOg]
583.64 579.82 Bg Asymmetric stretching [FeOg] + Bend [NbOg]
599.26  588.14 A, Symmetric stretching [NbOg] + Bend [ FeOg]
622.30 631.48 Bg Asymmetric stretching [NbOg] + Bend [FeOg]
814.51 727.29  Aq Symmetric stretching [NbOg] + Bend [FeOg]

Bend: Bending, Lib: Libration, T: Translation.

glassy carbon electrode with a 3 mm diameter and subsequently allowed
to dry at room temperature. The counter electrode used was a platinum
plate, while a saturated Ag)/AgCl) electrode (in KCI) served as the
reference electrode. Linear scan voltammetry (LSV) was performed at a
scan rate of 5 mV/s, with potential ranging from 0 to —850 mV (vs. the
reversible hydrogen electrode, RHE). Electrochemical impedance spec-
troscopy (EIS) was conducted by applying a direct current potential of
—290 mV (vs. RHE), with frequency ranges from 100 kHz to 50 mHz and
an amplitude of 10 mV. Stability tests were performed using chro-
nopotentiometry at a current density of 10 mA/cm? for a duration of 10
h. All potentials measured in this study were normalized to the revers-
ible hydrogen electrode (RHE) using Equation (1).

Evs.RHE = Evs.Ag/AgCl.KCLsamrated +0.197 + 00591pH (1)

2.3. Computational details

Vibrational properties of FeNbO4 were computed using Density
Functional Theory (DFT) as implemented in the Cambridge Serial Total
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Energy Package (CASTEP) [35]. This first-principles quantum mechan-
ical software is developed for modeling materials and employs plane
wave sets and pseudopotentials. Norm-conserving pseudopotential [36]
were used to accurately account for electron exchange and correlation
effects. The Generalized Gradient Approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional [37] was employed, utilizing
a 3 x 3 x 3 Monkhorst-Pack grid [38]. A k-point was chosen with an
energy cutoff of 900 eV and a specified energy tolerance per atom. Ge-
ometry optimization was performed wusing the Broyden—
Fletcher-Goldfarb-Shanno (BFGS) algorithm [39], with specific
convergence criteria: a maximum energy change of 1.0 x 107> eV/atom,
a maximum force of 0.03 eV/A, a maximum stress of 0.1 GPa, and a
displacement of 0.001 A. The electronic wave function was propagated
through the reciprocal lattice along the high-symmetry paths in the
Brillouin Zone (BZ) of the monoclinic crystal, specifically following the
points Z(0.000, 0.000, 5.000) — G(0.000, 0.000, 0.000) - Y(0.000, 0.500,
0.000) - A(-0.500, 0.500, 0.000) - B(-0.500, 0.000, 0.000) - D(-0.500,
0.000, 0.500) - E(-0.500, 0.500, 0.500) - C(0.000, 0.500, 0.500), as
illustrated in Fig. S1. Calculations were conducted for a total of 12 ions
in a monoclinic cell (space group P2;/c), with optimized cell parameters
determined.

2.4. Characterization methods

The iron-cobalt niobate samples were characterized by X-ray
diffraction (XRD) using a PANalytical X-ray diffractometer equipped
with a Cu X-ray tube (Koy = 1.540598 A). Data were collected in the
range of 20-70° with a step size of 0.02° and a counting time of 2s per
step. The lattice parameters of the crystal structures were refined using
the Rietveld method implemented in GSAS II software. The vibrational
properties of the samples were investigated using a Raman micro-
spectrometer (Horiba LabRam HR Evolution), which is equipped with
a Synapse CCD detector, a high-stability BXFM open-space confocal
microscope, and a 600 g/mm grating, with 532 nm excitation. Raman
spectra were recorded for the different samples over a wavenumber
range of 100-900 cm ™~ *. Morphological analyses were performed using a
high-resolution scanning electron microscope (SEM) Vega3 SBH model
from TESCAN, equipped with an energy-dispersive spectrometer (EDS)
(Bruker Xflash 410 M). The energy electron acceleration voltage was set
to 20 kV.

3. Results and discussions

The XRD analysis of the synthesized polycrystalline Fe(;.4)Co,NbO4
(0.0 < x < 0.20) samples was conducted to gain further insights into the
crystal structure and phase composition. Fig. 1(a) shows the X-ray
diffraction patterns, which revealed that the samples exhibit a mono-
clinic phase belonging to the space group P2i/c (C33) (13), indexed
using the ICDD standard (00-070-2275). The XRD patterns display a
peak at ~23.6°, corresponding to the (110) plane, characteristic of the
monoclinic phase [16,17]. Minor impurities were also observed and
identified as belonging to phases such as Fe;O3 (ICSD-082902) and
CoFey04 (COD-1533162). However, the presence of spurious phases like
iron oxide (Fe503) in iron niobate (FeNbO4) samples is widely reported
in the literature [16,20,40]. Fig. 1(b) illustrates the unit cell of the
monoclinic FeNbO, phase with Co?" ions substituting for Fe>* ions. The
Fe/Co and Nb atoms are coordinated by six oxygen atoms. Furthermore,
the Fe/Co atoms form edge-sharing FeOg/CoOg octahedra, creating
zigzag chains parallel to the c-axis. These zigzag chains intersect with
similar chains formed by edge-sharing NbOg octahedra, as depicted in
Fig. 1(c) and (d).

Fig. 2(a)-(e) presents the observed, calculated, differential, and
Bragg position patterns from XRD Rietveld refinements for the Fe(;.
xC0xNbO4 (0.0 < x < 0.20) samples. The observed and calculated pat-
terns are depicted as open circles and solid red lines, respectively. The
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Fig. 4. Calculated wavenumbers and atomic displacements for some Raman modes of the iron niobate FeNbO,.

refined parameters-lattice parameters, unit cell volume, occupancy,
bond length, bond angle and atomic positions-are summarized on
Tables S1 and S2. The fitting parameters, Ryp = 16.33-17.79 % and x=
1.32-1.69, indicate a good agreement between the refined and observed
XRD patterns for the monoclinic FeNbO4 phase. Interestingly, a reduc-
tion in Nb-O bond lengths and an increase in almost all (Fe/Co)-O bond
lengths were observed with increasing Co?' content (summarized on
Table S2). This result is attributed to the difference in ionic radii be-
tween Fe®" (0.640 A) and Co?' (0.745 A), which causes variations in
bond lengths involving Fe/Co, also reported in the literature for Cu®*
[16]. Furthermore, Figs. S2(a)-(d) depicts the changes in lattice pa-
rameters and unit cell volume upon introduction of Co?* ions into the
FeNbOy structure. The lattice parameters exhibit an almost linear vari-
ation with the increase Co®" content, ranging from x = 0 to 0.20.
Similarly, changes in the unit cell volume correspond closely to those in
the lattice parameters. The overall volume change was estimated to be
AV/V = +1.14 % as the cobalt doping increased to 0.20. The observed
variations suggest an underlying anisotropy in the structure.
Vibrational Raman modes were determined by calculating the spatial
derivatives of the macroscopic polarizations, as described by Porezag
and Pederson [41]. These derivatives were computed numerically along
the eigenvectors associated with each Raman-active phonon mode. By
employing the linear response formalism, the polarization for each

atomic displacement was calculated, facilitating the determination of
the Raman susceptibility tensor. This tensor provides the fundamental
basis for calculating the Raman intensity, as described in Equation (2).

\/' d)((l/;) 1);-"
AT =V 4 ’ 2
il

The first-order dielectric susceptibility, denoted as )(f,},), is influenced
by the phonon eigenvector v, which describes the direction of atomic
displacement for atom I at its equilibrium position R when excited by a
phonon mode m within a unit cell of volume V, as described in Ref. [42].
Raman mode assignments were performed via DFT calculation, yielding
a satisfactory agreement with the experimental Raman spectra. The
primitive cell, containing two formula units per unit cell, allows for a
factor group analysis that predicts a total of 33 optical modes (at k = 0)
and 3 acoustic modes for the FeNbO, crystal structure. The distribution
of the optical modes according to the irreducible representations in the
factor group Gy is 8Ag + 10Bg + 6A, + 6By, with the acoustic modes
being Ay + 2By. The selection rules only support A; modes and Bg modes
as Raman active. The Raman spectrum shown in Fig. 3 reveals 18
possible active vibrational modes, with at least 16 distinct bands iden-
tified in the experimental data. Raman wavenumbers in the spectral
region of 100-900 cm ™! were calculated using the GGA-PBE functional.
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Fig. 5. (a) Spectra Raman of the Fe;.,)Co,NbO,4 (0 < x < 0.20) samples; (b) deconvolution profile of the Raman modes for x = 0; and (c) displacement as a function

of Co®" concentration, showing the influence of Co?" on the vibration modes 814.51 cm

The number of experimental modes is smaller than those predicted
theoretically, which can be attributed to the following factors: i) some
modes have closely spaced energies, making them challenging to
resolve; (ii) weak bands may be obscured by more intense neighboring
bands; and (iii) band resolution may be limited due to the random
orientation of the crystals in the sample.

According to the DFT calculations, the vibrational modes involve
significant contributions of the Fe-O and Nb-O bonds. The translational
Raman modes of the polyhedral units located at 132.81 (Bg), 150.69
(Ag), 157.69 (Bg) and 233.02 (Bg) cm’l, are assigned respectively as: Ty
[NbOg¢l, Ty [NbOg + FeOgl, Txz [NbOg + FeOg] in the diagonal of the
plane xz and Txyz [NbOg+ FeOg]. The librational modes appear located
at 256.45 (By) Lib [NbOg + FeOg] and 364.90 (Bg) cm ™! Lib [NbOg +
FeOgl, while the bending modes of the [NbOg + FeOg] units are: 285.88
(Ag), 324.48 (Ay), 339.11 (By), 364.90 (By), 429.91 (A), 440.50 (By),
462.05 (Ag), 470.31 (Bg) and 488.22 (Ag) cm L. The mode at 579.82
em™! (Bg) is assigned to a combination of an asymmetric stretching of
[FeOg] plus a bending of [NbOg]. The mode at 631.48 cm ! (Bg) is
attributed to the asymmetric stretching of [NbOg] combined with the
bending of [FeOg]. Finally, the modes at 588.14 (A,) and 727.29 (Ag)
cm ! are assigned to the symmetric stretching of [NbOg] plus a bending
of [FeOg]. Some important vibrations related to the motion of the Fe, O
and Nb atoms are described in Table 1. Fig. 4 shows the calculated
wavenumbers and atomic displacements for some Raman modes of
FerO4.

Fig. 5(a) presents the Raman spectra of Fe(;.Co,NbO4 (0 < x <
0.20) samples, with the deconvolution of the bands shown specifically
for the x = 0 sample in Fig. 5(b). The deconvoluted Raman bands for the
remaining Fe(;.,)Co,NbO4 (0.05 < x < 0.20) samples, are provided in
Figs. S3(a)—(d). Table S3 shows the observed Raman shifts obtained from
the deconvolution of the spectra of these samples. Fig. 5(c) highlights a
significant shift in the Raman band observed in the undoped material at
814.51 cm™!, assigned to a combination of the symmetric stretching of
the [NbOg] bonds with a [FeOg] bending. This shift likely results from

-1

the incorporation of smaller ionic radius Co®' ions into the A-site,
consistent with findings reported in the literature [16,43]. Indeed,
increasing the Co?* amount in place of Fe>* induces structural changes,
including a reduction in Nb-O bond lengths and an increase in Fe/Co-O
bond lengths (as shown in Table S2). This also results in the broadening
of the Raman bands, which may be attributed to cationic disorder arising
from the increase presence of Co®", as it is also corroborated by litera-
ture findings [44].

The morphology of Fe(1.,)Co,NbO4 (0.0 < x < 0.20) samples were
analyzed using scanning electron microscope (SEM). The SEM images in
Fig. 6(a)-(e) reveal irregularly shaped particles with a range of sizes.
Figs. S4(a)-(e) presents the particle size distributions for the sintered
samples, showing an increase in grain size with Co doping, ranging from
5.07 £ 0.19 pm < D < 13.60 + 0.33 pm, with a mean grain size esti-
mated of (D) = 9.04 £ 0.25 pm. The crystal structure of FeNbO4 consists
of FeOg and NbOg octahedra (Fig. 1), which contribute significant ri-
gidity to the structure. However, when Fe3" is partially substituted by
Co%*, defects are introduced, reducing the rigidity of the octahedra. This
strain leads to modifications in bond angles and lengths. EDS spectra for
Fe(1.9CoxNbO4 (0.0 < x < 0.20) samples are shown in Fig. S5, indicating
the presence of Fe, Nb, and O ions for x = 0, with Co incorporation
evident for x = 0.05-0.20. Table S1 shows that lattice parameters and
unit cell volume increase with Co content, which correlates with the
observed increase in grain size.

The electrocatalytic performance of Fe(;_,)CoxNbO4 (0.0 < x < 0.20)
iron niobate oxides for the HER was systematically evaluated across
varying Co concentrations, as illustrated in Fig. 7. The electrocatalytic
activity of the catalysts was initially assessed through linear sweep
voltammetry (LSV) curves, shown in Fig. 7(a). In studies of new elec-
trocatalytic materials for HER, the overpotential at a current density of
10 mA/cmz, derived from LSV curves, is a key performance metric, as it
represents the operating current density for water-splitting devices with
efficiency of 12.3 % [45,46]. For x = 0, the catalyst exhibited lower HER
activity, requiring an overpotential of 684 mV to achieve 10 mA/cm?. In
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Fig. 6. SEM micrographs for Fe(;.,yCo,NbO,4 polycrystalline. (a) x = 0.0, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15 and (e) x = 0.20.

contrast, with increasing Co%" concentration, a reduction in the over-
potential at 10 mA/cm? was observed, with values of 663 mV and 620
mV for x = 0.10 and x = 0.20, respectively. These findings indicate that
Co?* incorporation into FeNbO4 iron niobate oxide significantly en-
hances the electrocatalytic properties of the material. However, previ-
ous studies have identified an optimal cobalt doping concentration,
beyond which the further increases in concentration do not lead to
improved catalytic performance. Wang et al. [47] demonstrated that
excessive doping of FeSy with Co?t (>10 %) can lead to the formation of
undesirable phases, compromising charge transfer efficiency. Similarly,
Wang et al. [48] investigated the doping of FePS3 with Co®" and found
that cobalt addition enhances conductivity and HER kinetics up to an
optimal point (>15 %), beyond which performance declines due to
structural changes affecting the exposure of active sites and charge
transfer efficiency, possibly as a result of structural effects that hinder
the availability of active sites for hydrogen adsorption. The observed
improvement in electrocatalytic activity is attributed to the low
adsorption energy of HY protons at the Co?" sites. Previous DFT studies
by Fang Liu et al. [49], Guoqing Huang et al. [50], and Zhiming Liu et al.
[51], suggest that hydrogen adsorption free energy on Co sites of the

catalyst surface is relatively low, facilitating proton adsorption and
decreasing overpotential in Co-doped FeNbO4 electrocatalysts, which in
turn accelerates hydrogen gas evolution. Furthermore, in comparison to
other electrocatalysts synthesized through similar methodologies,
Fe(1.9Co,NbO4 (0.0 < x < 0.20) displays competitive performance, as
detailed in Table 2.

To elucidate the kinetic mechanism governing the HER in FeNbO4
iron niobate oxides doped with Co*, Tafel plots (overpotential vs. log |
current density|) were constructed based on LSV curves, as shown in
Fig. 7(b). The linear regions of these plots were analyzed using the Tafel
equation, = a+ b e log|J|, where 7 is the overpotential, b represents the
Tafel slope, J is the current density, and a is a constant [52,53]. The
analysis revealed Tafel slopes of 197 mV/dec for x = 0, 175 mV/dec for
x = 0.10 and 156 mV/dec for x = 0.20. The reduction in the Tafel slope
observed for the x = 0.20 electrocatalyst suggests accelerated reaction
kinetics, consistent with its enhanced electrocatalytic activity. These
results are comparable to those reported in the literature for other
electrocatalysts produced by similar methods, as summarized in Table 2.
In alkaline media, electrolytes, the HER typically proceeds via either the
Volmer-Tafel or Volmer-Heyrovsky mechanisms [52]. The
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Fig. 7. Electrochemical test: (a) The polarization curves for HER electrocatalyst. (b) Tafel slope with linear fitting. (c) Nyquist plots from EIS. (d) Stability tests in

continuous operation at 10 mA cm 2 for 10 h.

Table 2
Comparison electrocatalytic activity for HER of electrocatalyst Fe xyCoxNbO, with
several recently reported electrocatalysts.

Electrocatalysts b/mV dec™! n/mV at 10 mA cm 2 Reference
x=0 197 684 This work
x=0.10 175 663 This work
x =0.20 156 620 This work
WO3/NC 137 745 [55]
SrLaFeOy4 258 691 [56]
SrLaCoyp sFeo 504 216 622 [56]
MoS,/C-600 260 689 [57]
SrsMnOg 240 590 [58]
Fe-600C@BMC 222 550 [59]
NizFe@BC-600 140 500 [60]
SrsFeMnOs 214 450 [58]
SrNbo,1C0o.7Fe0 203 5 171 361 [61]
FeNbO,@C 110 283 [62]
FeNbO4 160 373 [62]

rate-determining steps in these mechanisms, correspond to the Tafel,
Heyrovsky and Volmer steps, associated with theoretical Tafel slopes of
approximately 30, 40, and 120 mV/dec, respectively [52-54]. Given
that the Tafel slopes observed for the studied catalysts exceed 120
mV/dec, the data suggest that the HER mechanism in these systems
follows the Volmer-Heyrovsky pathway, with the Volmer step as the
rate-limiting step.

The incorporation of Co?" into electrocatalysts for HER, as demon-
strated by Yu-Gang Fu et al. [63], plays a pivotal role in enhancing
charge transfer during the reaction. This enhancement was systemati-
cally analyzed using EIS, with the corresponding Nyquist plots presented
in Fig. 7(c). The data reveals a clear trend: increasing the Co** con-
centration in the electrocatalyst composition leads to a notable

reduction in the arc circumference in the Nyquist plots. This decrease
indicates lower charge transfer resistance, which directly correlates with
an accelerated electron transfer rate, thereby significantly improving the
catalytic efficiency of the material. These findings are consistent with
the results obtained from the Tafel slope and overpotential analyses
(Fig. 7(a) and (b)), which also demonstrate enhanced catalytic perfor-
mance. Collectively, these results indicate that Co>™ not only reduces the
energy barriers for charge transfer but also enhances the overall kinetics
of the HER, making it a promising approach for improving electro-
catalyst efficiency. Furthermore, the stability of the x = 0, x = 0.10, and
x = 0.20 electrocatalysts was assessed through a constant electrolysis
process, during which a current density of 10 mA/cm? was maintained
for 10 hin a 1 mol/L NaOH solution, as shown in Fig. 6(d). The materials
exhibited notable stability throughout the experiment, with the over-
potential remaining relatively stable and showing minimal variation.
The slight fluctuations in overpotential are likely due to the accumula-
tion and release of Hy bubbles on the catalyst surface [64]. These find-
ings suggest that the materials demonstrate excellent stability and
durability, crucial attributes for potential large-scale applications.

4. Conclusion

In conclusion, cobalt-doped FeNbO4 were successfully synthesized
via a solid-state reaction method. The resulting materials were subse-
quently evaluated for their potential as electrocatalysts in the HER. X-
ray diffraction and Raman spectroscopy confirmed the formation of the
FeNbO,4 phase with a monoclinic structure, space group P2;/c (C33).
DFT calculations enabled the assignment of active Raman modes of the
structure SEM and EDS analyses revealed irregularly shaped particles
with increasing particle size as Co®>" concentration increased. Addi-
tionally, HER activity was assessed for samples with x = 0, x = 0.10, and
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x = 0.20, highlighting enhancements in electrochemical performance
with Co?" incorporation. Electrochemical measurements demonstrated
excellent stability and durability of the materials, which is attributed to
efficient charge transfer, suggesting their potential for large-scale
applications.
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