
Citation: Raimundo, R.A.; Silva, V.D.;

Ferreira, L.S.; Loureiro, F.J.A.; Fagg,

D.P.; Macedo, D.A.; Gomes, U.U.;

Soares, M.M.; Gomes, R.M.; Morales,

M.A. NiFe Alloy Nanoparticles

Tuning the Structure, Magnetism,

and Application for Oxygen

Evolution Reaction Catalysis.

Magnetochemistry 2023, 9, 201.

https://doi.org/10.3390/

magnetochemistry9080201

Academic Editors: Paula Corte-Leon

and Ahmed Talaat

Received: 26 June 2023

Revised: 3 August 2023

Accepted: 4 August 2023

Published: 8 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

magnetochemistry

Article

NiFe Alloy Nanoparticles Tuning the Structure, Magnetism, and
Application for Oxygen Evolution Reaction Catalysis
Rafael A. Raimundo 1,2, Vinícius D. Silva 3 , Luciena S. Ferreira 3, Francisco J. A. Loureiro 4 , Duncan P. Fagg 4,
Daniel A. Macedo 3, Uílame U. Gomes 5, Márcio M. Soares 2 , Rodinei M. Gomes 1 and Marco A. Morales 6,*

1 Department of Mechanical Engineering, Universidade Federal da Paraíba, João Pessoa 58051-900, Brazil;
rar@academico.ufpb.br (R.A.R.); rodineix@gmail.com (R.M.G.)

2 Department of Physics, Universidade Federal da Paraíba, João Pessoa 58051-900, Brazil;
marciosoaresm@gmail.com

3 Department of Materials Science and Engineering, Universidade Federal da Paraíba,
João Pessoa 58051-900, Brazil; viniciusdiasbrasil@hotmail.com (V.D.S.); luciena.ferreira@yahoo.com.br (L.S.F.);
damaced@gmail.com (D.A.M.)

4 Centre for Mechanical Technology and Automation, Department of Mechanical Engineering,
University of Aveiro, 3810-193 Averio, Portugal; francisco.loureiro@ua.pt (F.J.A.L.); duncan@ua.pt (D.P.F.)

5 Department of Materials Science and Engineering, Universidade Federal do Rio Grande do Norte,
Natal 59078-970, Brazil; umbelino@fisica.ufrn.br

6 Department of Physics, Universidade Federal do Rio Grande do Norte, Natal 59078-970, Brazil
* Correspondence: morales@fisica.ufrn.br

Abstract: In this study, Ni-Fe alloy nanoparticles were prepared using the proteic sol–gel method, fol-
lowed by a reduction in H2 at 500 and 700 ◦C, namely hereafter as NiFe-500 and NiFe-700, respectively.
The morphological, structural, and magnetic properties were tuned via the thermal treatment in H2.
The samples were studied using XPS, TEM, Mössbauer spectroscopy, DC magnetic measurements,
and electrochemical measurements. Ritveld refinements showed that the sample NiFe-500 has FCC
(face-centered cubic) and BCC (body-centered cubic) NiFe alloys, while the sample NiFe-700 has only
FCC NiFe alloy. For both samples, magnetization measurements in the range of 300–900 K showed
the presence of the Griffiths phase, indicating the formation of clusters of either Fe or Ni-Fe alloys
rich in Fe. The sample NiFe-500 presented ferromagnetic (FM) transitions at 533, 700, and 834 K,
assigned to the alloys Ni37Fe63-FCC, Ni46Fe54-FCC, and Ni55Fe45-FCC, respectively. In contrast, we
could not observe the FM transition of the BCC Ni-Fe alloy because of limitations in our experimental
setup (T ≤ 900 K). Meanwhile, three FM transitions were observed for the sample NiFe-700 at 480,
655, and 825 K, attributed to the alloys Ni34Fe66-FCC, Ni43Fe57-FCC, and Ni54Fe46-FCC, respectively.
At 5 K, the samples NiFe-500 and NiFe-700 have saturation magnetizations of 164.2 and 173.6 emu
g−1, respectively. For application in Oxygen Evolution Reaction catalysis, the samples NiFe-500 and
NiFe-700 showed different overpotentials of 319 and 307 mV at 10 mA cm−2. These low overpotential
values indicate a higher electrochemical activity of the FCC Ni-Fe alloy and, for both samples, a
superior electrocatalytic activity in comparison to RuO2 e IrO2 conventional catalysts. Furthermore,
the samples showed high electrochemical stability in chrono potentiometric studies for up to 15 h. This
current work highlights that the Ni-Fe alloys produced via the proteic sol–gel and with a reduction in
H2 methods can be promising for OER systems due to their good performance and low costs.

Keywords: nickel–iron alloy; magnetic properties; oxygen evolution reaction

1. Introduction

There is a growing interest in Ni-Fe (face-centered cubic, FCC) nanoalloys due to
their unique structures and properties, including high magnetic permeability, high Curie
temperature, high saturation magnetization, and good electrical conductivity [1–5]. These
nanomaterials find applications in biomedicine as therapeutic and diagnostic agents [6,7],
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catalytic agents [8], energy storage [9], electromagnetic wave absorbers [10], and sen-
sors [11] with Ni-Fe alloys, with about 10–90 at.% iron being the most frequently used
compositions [12]. The Ni80Fe20 (permalloy) and the Ni45Fe55 (elinvar) compositions are
used in magnetic shielding, actuators, and magnetic motors [13]. Invar alloys, particularly
the Ni36Fe64 composition, have been extensively explored in research because they have
nearly zero thermal expansion over a wide temperature range and, thus, are applied to
large cryogenic liquid containers and high-definition color displays [12]. Alloys with nickel
concentrations above 30 at.% are the most versatile among soft magnetic materials and
are used in electromagnetic applications. Below 30 at.% Ni, these alloys have an antiferro-
magnetic FCC structure with relatively low Néel temperature. Alloys with nickel contents
close to 80 at.% have high magnetic permeability, while the maximum values of saturation
magnetization and electrical resistivity are observed at 50 at.% and 30 at.% nickel [14].

Due to this versatility, Ni-Fe nanoparticles with specific morphologies and rigorous
composition and structure control have gained increasing attention [15]. The literature re-
ports the synthesis of Ni-Fe alloys via polyol reduction [16], vacuum induction melting [17],
chemical precipitation [18], powder metallurgy [19], hydrothermal synthesis [20], selective
laser melting [21], sol–gel [22], gas phase condensation [23], electroplating [24], solution
blow spinning [25], electrospinning [26], among others. Among the aforementioned tech-
niques, obtaining Ni-Fe alloys via chemical reduction (under a hydrogen atmosphere) of
spinel-type ferrites (NiFe2O4) is a relatively simple preparation route that requires low pro-
cessing temperatures. The production of metal alloys through the reduction of cobalt [27]
and nickel [22] ferrites, as well as strontium [28,29] and barium [30] hexaferrites, have been
widely investigated. Lima et al. [31] reported on the production of Ni-Fe alloys by reducing
Ni ferrite, resulting in the tetraenite phase with Curie temperature (Tc) very close to the
meteoric tetrataenite sample. Sun et al. [22] studied the structure and magnetic properties
of NixFe3−x (x = 0; 0.5; 1; 1.5) prepared using sol–gel method, achieving a high magnetic
moment for alloys with x = 0.5 and 1.5. Azizi et al. [8,32] synthesized Ni-Fe and Ni-Co-Fe
alloys by reducing Ni ferrite and Ni-Co ferrite, respectively, obtaining the following results:
(a) metal alloy aggregates with micrometer sizes; (b) saturation magnetization (Ms) of
45.9 and 42.9 emu g−1; (c) coercivity field (Hc) of 69.2 Oe and 116.2 Oe; and (d) remanent
magnetization (Mr) of 3.4 and 2.7 emu g−1.

From the point of view of energy sustainability, metal alloys are promising candidates
for the oxygen evolution reaction (OER, 4OH−(aq) 
 2H2O(l) + O2(g) + 4e−), which
features in energy conversion and storage technologies, such as metal–air batteries, fuel
cells, and electrolysis cells [33]. In particular, the NiFe alloy has generated interest due
to its excellent performance as an OER electrocatalyst in an alkaline medium, presenting
high efficiency and stability, high resistance to chemical/mechanical degradation, and low
overpotential (η) at a reference current density of 10 mA cm−2 [34].

Metal alloy nanomaterials, in general, can crystallize in the most diverse forms: hexag-
onal close-packed (HCP), face-centered cubic (FCC), body-centered cubic (BCC), and face-
centered tetragonal (FCT) [35]. Each type of crystal structure has unique electronic proper-
ties that directly influence catalytic activity. Therefore, the choice (selectivity) of the crystal
structure that presents a high proportion of exposed facets can be a strategy to improve
the catalytic performance [36–38]. In fact, some works have already been carried out to
study the effect of the crystal structure (FCC, HCP, FCT) on electrocatalytic properties. For
example, NiFe alloy nanoparticles with HCP crystalline structure have superior catalytic
activity for OER compared to their FCC counterparts [37], while FePt nanoparticles with
the FCT phase have a higher activity and durability than the FCC phase for the oxygen
reduction reaction (ORR) [39].

The performance of electrocatalysts can also be improved by controlling the compo-
sition of the alloy. According to Vo et al. [40], the increase in nickel content in NixFe100−x
alloys (x = 0, 25, 50, 75, and 100), prepared using controllable film electrodeposition, leads
to a reduction in their overpotential values, e.g., the alloys Ni75Fe25, Ni50Fe50, and Ni25Fe75
exhibit over-potentials of 316, 321, and 361 mV, respectively.
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The review written by Jamesh Mohammed-Ibrahim [34] reports that the structure–
activity relationship of NiFe-based materials plays a crucial role in the generation of active
sites with ideal bonding energy, thus, decreasing the energy barrier for OER. Therefore,
designing catalysts with an appropriate electronic structure is one of the great challenges
found in this field. Recently, our group reported the production of NiFe-NiFe2O4 fibers by
solution blow spinning with excellent chemical stability, low overpotential (η = 316 mV
vs. RHE at 10 mA cm−2), and an impressive turnover frequency (TOF) of 4.03 s−1 for an
overpotential of 400 mV [25]. Y. Liang et al. [41] reported the first use of commercial NiFe
foam, achieving stable catalytic activity for up to 10 h and an overpotential of 320 mV at
10 mA cm−2. M. Biset-Peiró et al. [42] produced uniform films via sequential and alternative
thermal evaporation of Ni and Fe and recorded an overpotential of 370 mV at 10 mA cm−2.

The aim of the current research is to study (i) the effectiveness of the proteic sol–gel
method [43–45] in producing magnetic single-domain nickel ferrite nanoparticles, (ii) to
tune the structural, chemical, and magnetic properties through the reduction process for
the synthesis of the NiFe alloy, and (iii) the application of the NiFe alloys as electrocatalysts
for oxygen evolution reaction (OER) in alkaline media.

2. Materials and Methods

Nickel nitrate hexahydrated (Ni(NO3)2.6H2O, Dinâmica Ltd., Brazil, iron nitrate
nonahydrated (Fe(NO3)3.9H2O, Sigma Aldrich, Brazil), flavorless gelatin (Dr. Oetker,
Brazil), methanol (99%, Vetec, Brazil), Nafion® solution 5 wt% (Sigma Aldrich, Brazil),
isopropanol (99%, Vetec, Brazil), and commercial Ni foam (Ni 99.8%, porosity > 95%, QiJing
Ltd., Ningbo, China) were used as starting materials.

2.1. Preparation of NiFe2O4 Powders and NiFe Alloys

Ni(NO3)2.6H2O, Fe(NO3)3.9H2O, and gelatin were used to synthesize NiFe2O4. Ini-
tially, 2.0 g of gelatin was dissolved in 50 mL of distilled water at 70 ◦C. Subsequently,
2.477 g of nickel nitrate and 6.894 g of iron nitrate were added (Ni/Fe molar proportion
of 1:2), and the final solution was stirred at 90 ◦C until evaporation of water and formation
of a gel. The precursor was treated at 800 ◦C for 2 h in the presence of air. Then, the nickel
ferrite powder was thermally treated for 2 h under H2 flux at 500 ◦C (NiFe-500) and 700 ◦C
(NiFe-700). The chemically reduced samples were cooled to room temperature in presence
of flowing H2 gas. Figure 1 shows the schematic representation of the fabrication process
of the NiFe alloy nanoparticles. Immediately after production, the reduced samples were
enclosed in Argon gas to prevent oxidation.
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2.2. Structural, Morphological, Chemical, Mössbauer, and Magnetic Characterization

Morphology and particle sizes were determined with a scanning electron microscope
(Carl Zeiss, Supra 35-VP, USA) equipped with a Bruker EDS detector (XFlash 410-M, USA).
To assess the sample’s morphology, transmission electron microscopy (TEM) images were
obtained using a commercial microscope (JEOL, JEM-2100, USA). The software ImageJ
(National Institutes of Health, USA) [46] was applied to determine the distribution of
particle sizes after analysis of 300 particles. The crystalline structure was studied via X-ray
diffractometry (Miniflex II, Rigaku, Japan) using monochromatic Cu (Kα, λ = 1.5418 Å)
radiation. The data were recorded in the 2θ range from 10◦ to 80◦, with step sizes of 0.02◦.
The vibrational modes were studied in an infrared spectrometer (IRPrestige-21, Shimadzu,
Japan). The crystallite sizes and lattice parameters were determined via Rietveld refinement
of the X-ray data using the software TOPAS [47]. The chemical nature of the sample’s
surface was studied using X-ray photoelectron spectroscopy (XPS). The measurement was
carried out in an ultrahigh vacuum system with a base pressure of 2 × 10−10 mbar located
at TEMA, University of Aveiro (Portugal), using a SPECS Phoibos 150 (Japan) spectrometer
with a high-intensity monochromatic Al Kα X-ray source (1486.6 eV). High-resolution
spectra were recorded at normal emission take-off angle and with a pass-energy of 20 eV,
providing an overall instrumental peak broadening of 0.5 eV. The binding energy was
referenced to C 1s line at 284.5 eV for calibration. Using XPSPEAK 4.1 fitting software,
the height, area, and position of the peaks were determined by allying the separation of
measured XPS spectra. The Mössbauer spectra were recorded at 300 K using a spectrometer
from SEECO with a 57Co: Rh radioactive source with 20 mCi activity. The data were
fit using the software NORMOS90 [48]. The isomer shifts are relative to α-Fe at 300 K.
The magnetic measurements as a function of magnetic field and temperature (M-H and
M-T) were performed using a physical properties measurement system (PPMS-Dynaccol,
Quantum Design, USA) equipped with a vibrating sample magnetometer (VSM). The M-H
measurements were recorded at 5 K under a maximum field of 10 T. The M-T measurements
were recorded from 300 K to 900 K under a magnetic field of 160 Oe.

2.3. Electrode Preparation and Electrochemical Characterization

The electrochemical OER activity of NiFe samples was evaluated using a Metrohm
Autolab PGSTAT204-FRA32 M (USA) in a three-electrode system with an alkaline KOH
solution (1 M, pH = 13.58 ± 0.03) at 25 ◦C. Platinum wire and Ag/AgCl (3 M KCl) were
used as counter and reference electrodes, respectively. The working electrode was prepared
by depositing the catalytic ink under a substrate (nickel foam). Before the deposition
process, the Ni foam substrate was cleaned via sonication in 6 M HCl, then in acetone,
and finally in deionized water, each process in periods of 10 min. The catalytic inks were
prepared with 5 mg of the catalyst (NiFe-500 and NiFe 700) and 20 µL of 5% Nafion, being
subsequently mixed in 500 µL of isopropanol and sonicated for 10 min to prepare an ink
with suitable dispersion. Then, the inks were deposited on Ni substrates (1 cm × 1 cm) and
dried at room temperature for 5 h.

All potential values (corrected for iR) were converted to that corresponding to the
reversible hydrogen electrode (RHE) using the Nernst equation (Equation (1)), while the
values of overpotential (η) were calculated using Equation (2). The linear sweep voltamme-
try (LSV) was verified at 5 mV s−1 in the potential range of 0.1 at 1.5 V. Electrochemical
impedance spectroscopy (EIS) was performed using the frequency range of 0.1 Hz to 10 kHz,
under applied DC potential (1.6 V vs. RHE) and voltage amplitude of 5 mV. Chronopoten-
tiometry experiments for 15 h at 10 mA cm−2 were performed to verify long-term stability.

ERHE = EAg/AgCl + 0.059 × pH + 0.1976 (1)

η = ERHE − 1.23 V (2)
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3. Results and Discussion
3.1. Characterization of NiFe2O4 Produced by Proteic Sol–Gel Synthesis

FESEM, particle size distribution, FT-IR, and X-ray diffraction (XRD) results of the
nickel ferrite powder synthesized using the proteic sol–gel method are shown in Figure 2.
The FESEM image (Figure 2a) was expanded to provide more visible characteristics of
the microstructural and morphological properties of NiFe2O4, The size distribution was
obtained after analyzing more than 300 nanoparticles, we noticed a quasi-spherical mor-
phology with a mean diameter of 40 nm (Figure 2b). The formation of the spinel structure
(NiFe2O4) is also suggested by the FT-IR results (Figure 2c) from the observation of the
cation-oxygen band at 590 cm−1 that can be attributed to the stretching vibration of the
tetrahedron Fe-O specie. Three further broad bands is observed at 1650 cm−1, 2300 cm−1,
and 3380 cm−1 and are attributed to H-O-H vibrations due to absorbed/free water. The
1130 cm−1 band may be ascribed to traces of nitrate ions. Finally, a single band observed
near 3000 cm−1 is associated with the C-H stretching. The refined XRD pattern (Figure 2d)
confirms the presence of a single phase with diffraction peaks that are characteristic of
the spinel-type crystal structure of NiFe2O4 (ICSD card n◦ 40040, space group Fd-3mS,
227, lattice parameter a = 8.33 Å) [49]. Eleven diffraction peaks are observed at positions
2θ = {30.2◦; 35.6◦; 37.2◦; 43.3◦; 53.7◦; 57.3◦; 62.9◦; 71.4◦; 74.5◦; 75.5◦; and 79.54◦} indexed
to Miller indexes (110), (200), (211), (110), (200), (211), (110), (200), (211), (110), and (200),
respectively. The refined lattice parameter of NiFe2O4 is 8.337 Å, in accordance with
that previously reported [49]. The agreement parameters Rwp and Rexp were 2.38% and
0.91%, respectively. The value χ2 = 2.61 suggests a good fit between the experimental
and calculated model. The NiFe2O4 powder had a crystallite size of 39 nm, which is in
good agreement with the particle size (40 nm) obtained using FESEM. Based on these
results, proteic sol–gel synthesis is shown to be an efficient chemical approach for obtaining
high-purity monodisperse powder particles.
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3.2. Structural, Morphological, and Chemical Characterization

The diffraction patterns of the Ni-Fe alloys produced via chemical reduction under
the H2 atmosphere are shown in Figure 3. The samples have well-defined and intense
diffraction peaks, with a small width at half height. The peaks observed in the diffraction
experiments are associated with the crystalline phases of solid solutions of Ni on the base
of γ-Fe (FCC, cubic, structure of the type fcc(ccp)-Cu) and α-Fe (BCC, cubic, structure of
the type bcc-W). The sample NiFe-500 shows a biphasic crystalline structure (FCC and
BCC), while the sample NiFe-700 shows a single FCC crystalline structure. The diffraction
peaks of the FCC phase are related to crystalline planes (111), (200), and (220), being
located at 2θ = {43.57◦, 50.87◦, and 74.61◦}, while the BCC phase shows peaks indexed to
crystalline planes (110), (200), and (211) observed at positions 2θ = {44.62◦, 64.95◦, and
82.20◦}, respectively. Additional phases due to oxides are not detected, showing that the
chemical reduction process was successfully performed.
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Figure 3. XRD patterns of the Fe-Ni alloys obtained from the reduction of Ni ferrite under H2

atmosphere at temperatures of 500 ◦C (NiFe-500) and 700 ◦C (NiFe-700). Simulated XRD patterns
(according to CIF files) used to refine the diffractograms are also shown.

The samples were refined using the Rietveld method, with card files (ICSD database)
of the phases Ni34Fe66-FCC (a = 3.5928 Å, ICSD n◦ 632924, Fm-3m (225)) [50] and NiFe-BCC
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Fe-rich alloy (a = 2.8650 Å, ICSD n◦ 103560, Im-3m (229)) [51]. Figure 3 shows that the
sample NiFe-700 is a single FCC phase, and the sample NiFe-500 is biphasic with FCC and
BCC NiFe alloys. The sample NiFe-500 has the same phases as the NiFe alloy produced
by Lim et al. [52] in a two-stage synthesis: (i) the production of NiFe2O4 via hydrothermal
synthesis at 200 ◦C for 12 h and (ii) the subsequent reduction at 500 ◦C for 5 h in a mixed
atmosphere of 10% H2/90% Ar. The simulation of XRD peaks using the CIF cards is also
shown in Figure 3. The insert in Figure 3 shows only the peak (111) of the Ni34Fe66-FCC
phase. We noticed that this peak is symmetric, indicating a homogeneous phase. However,
we cannot rule out the presence of FCC alloys with crystallite sizes under 2–3 nm, below
the detection limit of the XRD technique. The crystallite size, phase composition, lattice
parameters (theoretical and calculated), and agreement factors are shown in Table 1. The
lattice parameters of the Ni34Fe66-FCC and NiFe-BCC phases are in agreement with those
reported in their respective ICSD cards. The maximum values of agreement factors Rwp
(%) and Rexp (%) are found to be 3.95% and 3.22%, respectively. The obtained χ2 ≤ 1.23
shows excellent agreement between experimental and refined models.

In both samples, the alloy Ni34Fe66-FCC is shown to be the dominant phase. The
crystallite sizes of the FCC phase in samples NiFe-500 and NiFe-700 are 37 nm and 52 nm.
The crystallite size of the NiFe-BCC phase present in the sample NiFe-500 is 60 nm. These
results are in agreement with the phase diagram of Ni-Fe alloy for solid solutions, proposed
by Swartzendruber et al. [53], J.J. Goldstein et al. [54], and O. Kubaschewsk [55]: (1) solid
solution FCC (γFe, Ni) in a wide range of composition (20–100%wt. Ni) and (2) solid
solution BCC in the iron-rich region (0–10%wt. Ni) at low temperature (αFe, T < 912 ◦C);
highlights of this research. Our results agree well with other studies that have used
alternative methods such as electrodeposition [12] and electrical explosion [56] to produce
NiFe alloys with a biphasic structure (FCC/BCC) at low temperatures.

Table 1. XRD parameters obtained from Rietveld refinements. Numbers in brackets are relative
concentrations.

Sample
NiFe-FCC (632924) NiFe-BCC (103560) Agreement Factors

DXRD (nm) a (Å) DXRD (nm) a (Å) Rwp (%) Rexp (%) χ2

Ni34Fe66-(FCC)—ICSD 632924 --------- 3.5928 --------- --------- --------- --------- ---------
NiFe-(BCC)—ICSD 103560 --------- --------- --------- 2.8650 --------- --------- ---------

NiFe-500 37 [93 wt%] 3.5906 60 [7 wt%] 2.8685 4.26 3.78 1.13
NiFe-700 52 [100 wt%] 3.5912 --------- --------- 3.95 3.22 1.23

FESEM images of Ni-Fe samples after the reduction process at 500 ◦C (NiFe-500) and
700 ◦C (NiFe-700) are shown in Figure 4. A detailed analysis of FESEM images allowed
us to determine particle morphologies and size distribution. The micrographs show
agglomerates composed of quasi-spherical grains (Figure 4a,g), indicating that the reduction
process at high temperatures caused particle coalescence. Samples NiFe-500 (mean particle
size of 72 nm) and NiFe-700 (mean particle size of 287 nm) had particle sizes varying from
31 to 140 nm and from 170 to 570 nm, respectively. Both samples have particle sizes larger
than those of the Ni-ferrite precursor sample (Figure 2b). The spatial distribution of Ni
and Fe metals in these materials is inspected via energy-dispersive X-Ray spectroscopy
(EDS), as shown in Figure 4d–f,j–l. EDS mapping analysis indicates the high purity of
Ni-Fe alloys with an atomic composition of NiFe2 (i.e., Ni34Fe66). As observed, there is a
homogenous distribution of red (Fe) and green (Ni) spots, indicating that these elements
are homogeneously dispersed in the samples. Moreover, residual oxygen was not detected,
indicating that the reduction process under H2 flux was performed successfully. The
composition of the alloys determined via EDS confirms the results obtained using XRD.
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TEM images of NiFe-500 and NiFe-700 samples are shown in Figures 5a and 5b, respec-
tively. Upon carefully inspecting the morphologies, we observed that the nanoparticles are
quasi-spherical with varying diameters. In both samples, the nanoparticles form spherical
aggregates. NiFe-500 (Figure 5c) and NiFe-700 (Figure 5d) samples have an average particle
size of 61 and 164 nm, respectively, with size distributions ranging from 18.5 to 128 nm
(Figure 5c) and 73 to 310 nm (Figure 5d), respectively. The particle sizes obtained from the
TEM images (Figure 5c,d) differ slightly from that of the crystallite sizes obtained using
XRD (Table 1). We believe that this divergence is related to the high degree of aggregation
of the nanoparticles. The growth of bimetallic nanoparticles, as well as their structural
and physical properties, are influenced by complex factors, such as temperature, total
energy, and chemical ordering of Ni and Fe [15]. Figure 5g shows the SAED pattern of the
biphasic sample NiFe-500, with diffraction rings originating from the crystalline planes of
the NiFe-FCC phase marked in green [(111), (200), (220), (311), (440)] and those of the NiFe-
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BCC phase marked in red [(211)]. Figure 5h shows the SAED pattern of the single-phase
NiFe-700 sample with planes referring to the NiFe-FCC phase. These results confirm the
crystallinity of NiFe nanoparticles. High-magnification TEM images (Figure 5e,f) reveal
very thin fringes with an atomic spacing of 0.207 nm, referring to the NiFe plane (111).
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X-ray photoelectron spectroscopy (XPS) was used to investigate the surface chemical
composition and oxidation state of both NiFe-500 and NiFe-700 samples. Figure S1 presents
the overview XPS spectra of both samples, covering the C 1s, the Ni 2p, the Fe 2p, and
the O1s bands. Figure 6a,b depict the Ni (2p3/2) XPS high-resolution spectra, where peak
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deconvolution leads to the identification of the 2+ and 3+ oxidation states, at, respectively,
854.75 and 855.76 eV for the NiFe-500 sample; and 854.91 and 856.01 eV for the NiFe-700
sample, in line with previous works [57–60]. The presence of the redox couple Ni2+/Ni3+

likely results from the partial oxidation of metallic Ni at the particle’s surface. In this case,
the presence of Ni2+ can be ascribed to the formation of NiO or Ni(OH)2, which may be
related to some adsorbed moisture, while further oxidation, related to Ni3+, is also possible
due to the formation of NiOOH, as previously suggested [61,62].
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Figure 6. High-resolution XPS spectra of (a,b) Ni (2p3/2) and (c,d) Fe (2p) of the NiFe alloys.

Nonetheless, a small peak related to metallic Ni0, at 852.29 and 852.81 eV for both
NiFe-500 and NiFe-700 samples, respectively, was also identified. Hence, for comparing
the Ni reducibility, we have calculated the ratio between metallic and oxidized nickel, i.e.,
[Ni0]/([Ni2+] + [Ni3+]), which was found to increase with increasing reducing temperature,
i.e., from 0.07 to 0.31. Such behavior is expected due to the higher reducibility of Ni at higher
temperatures, as predicted by the thermodynamic equilibrium (Ni(s) + 1/2O2(g)⇔NiO(s)) [63].
In addition, three satellite peaks were also deconvoluted at 857.59, 860.82, and 863.16 eV
for the NiFe-500 sample and 857.34, 859.21, and 862.46 eV for the NiFe-700 sample.

Figure 6c,d depict the XPS high-resolution spectra of the Fe (2p) spectra of both NiFe-
500 and NiFe-700 sample surfaces. In this case, both the 2p3/2 and 2p1/2 orbit spins were
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used in the fitting procedure for facilitating the background calculation. The XPS spectra
depict the metallic Fe0 at 706.58 eV (NiFe-500) and 707.12 eV (NiFe-700). However, the
presence of Fe2+ and Fe3+ at higher binding energies was also identified. In addition, the
satellite peaks are present at 719.16 eV and 719.62 eV (2p3/2) and at 732.42 eV (NiFe-500)
and 732.97 eV (NiFe-700) (2p1/2). Similar to that observed for Ni, the presence of Fe in
higher oxidation states probably occurs due to the spontaneous oxidation of Fe on exposure
to air atmosphere [64,65]. In addition, the ratio between metallic and oxidized iron, i.e.,
[Fe0]/([Fe2+] + [Fe3+]), was also found to increase with increasing reducing temperature,
i.e., from 0.04 to 0.11.

It is also worth noting that no Ni-C or Fe-C bands were identified in the samples
(Figure S2), thus, suggesting the absence of any C-doping.

Notwithstanding all these features, the existence of both metallic Ni0 and Fe0 is
consistent with that observed in the XRD and SAED analyses as a result of the reduction
process. In this respect, it is known that the XPS signal provides chemical information only
from a thin layer with a few nanometers of thickness from the surface of nanoparticles.
On the contrary, the XRD technique provides averaged information arising from many
crystallites, where our samples show crystallite sizes ranging from 37 to 60 nm (see Figure 3).
This discussion of both surface and bulk properties is, thus, crucial to provide insights into
the performance of the produced electrocatalysts.

3.3. Mössbauer Spectroscopy and Magnetic Properties

The Mössbauer spectra of NiFe-500 and NiFe-700 samples are shown in Figures 7 and 8,
respectively. Both spectra show the characteristics of slow relaxing magnetic moments; thus,
the intensities of peaks do not have the relationship 3:2:1:1:2:3. For the sample NiFe-500,
the spectrum is fit to three components (Figure 7). The first and second components are
ascribed to Fe in NiFe-FCC and NiFe-BCC alloys; these components are fitted using a
distribution of hyperfine magnetic fields (Hhf). The third component is a singlet that is
related to a paramagnetic (PM) phase. There is no evidence of a Fe-Ni oxide phase. It
is well known that Ni-ferrites have Hhf ranging from 51 to 54 T, and Figures 7 and 8
do not show features that could be ascribed to a Ni-ferrite phase. Figure 7a shows the
experimental data and the fitting to the three components, while Figure 7b,c show the
distributions of Hhf for Fe in NiFe-BCC and in NiFe-FCC solid solutions, respectively.
Solid solution samples usually have some disorder and present a range of different nearest
neighbors, and their Hhf will change depending on the amount of Fe nearest neighbors.
The fit using a distribution of magnetic field indicates a central Fe atom with a different
nearest neighbor. In BCC or FCC Fe-Ni structures, Fe atoms will have N = 8 or 12 nearest
neighbors, respectively. Some of these neighbors may be Fe atoms. Thus, at any atomic
position in the FCC structure of FexNi1−x alloys, the probability P(n) to obtain n Fe atoms
in the first Fe coordination shell (and N−n, Ni atoms in the same first Fe coordination shell)
is given in the following binomial distribution:

P(n) =
(

N
n

)
xn(1− x)N−n (3)

where n = 0, 1, 2, . . ., N. For a disordered FCC Ni34Fe66 alloy, the Fe coordination, which has
high probabilities, is P(4, 5, 6, 7, 8, 9, 10, 11) = (1.7, 5.2, 11.8, 19.6, 23.8, 20.5, 12.0, 4.2)%; these
results evidence the need to use a distribution of Hhf to fit the spectrum of the disordered
NiFe alloy. Table 2 shows the hyperfine parameters obtained from the fittings. The small
isomer shift (IS) of the NiFe alloy is similar to the IS of α-Fe and reveals the metallic
character of the Ni-Fe alloy. The Hhf of the Ni-Fe alloys was in the range of 26.5–27.5 T and
33.5 T for Fe in the FCC and BCC cells, respectively. The obtained Hhf and IS are in close
agreement with earlier results presented by several authors [66–68]. These components
show a very small quadrupole splitting (~0.002 mm/s), indicating a cubic lattice with a
very small distortion due to Ni-Fe occupancies; this value is similar to the reported by Ping
et al. [67] for metallic samples of Ni-Fe alloys.
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Figure 7. (a) Mössbauer spectrum recorded at 300 K for sample NiFe-500. (b) Distribution of magnetic
fields for Fe in NiFe-BCC. (c) Distribution of magnetic fields for Fe in NiFe-FCC.

Magnetochemistry 2023, 9, x FOR PEER REVIEW 14 of 27 
 

 

 
Figure 7. (a) Mössbauer spectrum recorded at 300 K for sample NiFe-500. (b) Distribution of mag-
netic fields for Fe in NiFe-BCC. (c) Distribution of magnetic fields for Fe in NiFe-FCC. 

 
Figure 8 (a) Mössbauer spectrum recorded at 300 K for sample NiFe-700. (b) Distribution of mag-
netic field for Fe in NiFe-FCC. 

0 10 20 30 40
0.0

0.1

0.2

0 10 20 30 40
0.00

0.02

0.04

-12 -6 0 6 12

0.96

0.97

0.98

0.99

1.00

 

 

P(
H

hf
)

Hhf (T)

FCC

(a)

 

 

P(
H

hf
)

Hhf (T)

BCC

(b)

(c)
 Exp
 Fit
 FCC-NiFe
 BCC-NiFe
 SPM

 

 
R

el
at

iv
e 

Tr
an

sm
is

si
on

 (a
.u

.)

Velocity (mm/s)

300 K

NiFe-500

-12 -6 0 6 12

0.97

0.98

0.99

1.00

0 10 20 30 40
0.00

0.05

0.10

0.15

0.20

 Exp
 FCC-NiFe

 

 

R
el

at
iv

e 
Tr

an
sm

is
si

on
 (a

.u
.)

Velocity (mm/s)

300 K

NiFe-700

FCC

(a)

(b)  

P(
H

hf
)

Hhf (T)

Figure 8. (a) Mössbauer spectrum recorded at 300 K for sample NiFe-700. (b) Distribution of magnetic
field for Fe in NiFe-FCC.

The PM component may be attributed to the Fe-rich FCC Ni-Fe phase. It is well known
that Fe-FCC (γ-Fe) is paramagnetic at 300 K. γ-Fe is known to show Curie–Weiss behavior
with large negative Curie–Weiss temperature [69]. Early experimental studies have shown
that this substance is a weak itinerant antiferromagnet with a Neel temperature of around
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100 K [70]. A similar singlet component was found by Rodríguez et al. in a sample of
Fe67.5Ni32.5 prepared by mechanical alloying. The authors assumed that this spectrum was
due to γ-Fe-like clusters [71].

Table 2. Hyperfine parameters of spectra at 300 K for NiFe–500 and NiFe–700 samples.

Sample Site IS (mm/s) Hhf (T) Qs (mm/s) RAA (%)

NiFe–500
Fe in FCC 0.042 27.5 −0.005 85
Fe in BCC 0.068 33.5 −0.022 7
Fe in PM <0.035> - - 8

NiFe–700 Fe in FCC 0.021 26.5 - 100

For sample NiFe-700, the spectrum shown in Figure 8a is analyzed, accounting for an
FCC phase. There is no presence of a paramagnetic or oxide phase, indicating that the re-
duction at 700 ◦C (NiFe-700) under H2 is efficient in removing oxygen and transforming Ni
and Fe cations into zerovalent metals. The spectrum was deconvoluted using a distribution
of Hhf, as shown in Figure 8b, presenting a peak at 26.5 T and revealing the formation of
the Ni34Fe66 FCC phase. This result is in close agreement with earlier reports [66,67] and is
also in good accordance with the results obtained for the sample NiFe-500.

Magnetization measurements were performed at high temperatures to determine the
temperatures at which the ferromagnetic phases become paramagnetic. For both samples,
the magnetizations as a function of temperature in the range of 300–900 K are shown in
Figures 9 and 10. The measurement for the sample NiFe-500 (Figure 9a) shows a peak at
455 K, and then the signal decreases following three distinct features. The peak at 455 K
may be regarded as a blocking temperature of big particles. The other signals are better
presented in Figure 9b, which shows the derivative of the magnetization, with peaks located
at 533, 700, and 834 K. The first peak, at 533 K, represents the ferromagnetic Curie–Weiss
transition for the phase Ni37Fe63-FCC, while the other peaks may be related to the phases
Ni46Fe54-FCC and Ni55Fe45-FCC [72], respectively. The last two phases did not appear in
the diffractogram, indicating they may be ascribed to very small crystallites that are below
the detection limit of the XRD technique. The disordered BCC Ni-Fe alloy does not show a
Curie–Weiss transition in the measured temperature range. In this regard, the magnetic
transition for BCC Ni-Fe alloys is normally in the temperature range of 1020–1041 K; these
values are beyond the temperatures accessible in our magnetometer setup (900 K) [72].
Figure 9c shows the plot of the inverse of magnetization versus temperature. The curve at
temperatures above 834 K shows a clear downturn of magnetization and, therefore, does not
show the linear behavior expected for a paramagnetic behavior following the Curie–Weiss
law: 1/M = (T − θ)/(CH), where C and θ are the Curie constant and the temperature
Curie–Weiss, and H is the field used to run the measurement. The shoulder (downturn)
close to 855 K seems, instead, to be indicative of the presence of the Griffiths phase that
is due to short-range ordered ferromagnetic clusters embedded in a paramagnetic matrix.
These clusters may be related to Fe clusters or to Ni-Fe alloys with poor Ni concentrations.
Similar behavior of the (1/M) versus T curve has been observed in Y-Fe alloys [73], in the
ferromagnetic solid solutions Ni(1 − x)V(x) [74] and Ni(1 − x)Cu(x) [75]. In fact, in the
alloy Ni(1 − x)V(x), the ferromagnetic transition can be tuned by substituting V for Ni
in the paramagnetic phase, and large magnetic clusters with giant local moments were
observed. The shoulder in the (1/M) versus T curve is ascribed to the Griffiths phase, and
it is usually studied through the relationship:

1/M ~ (T − Tcm)1 − λ (4)

where λ is the susceptibility exponent and should be smaller than unity, and Tcm and λ
are the fitting parameters [73]. The presence of the Griffiths phase is in agreement with a
disordered Ni-Fe alloy, as evidenced in the Mössbauer study.
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Figure 9. (a) Magnetization versus temperature (range of 300–900 K) measured at H = 160 Oe of
sample NiFe-500. (b) Derivative of the M-T measurement. (c) Inverse to magnetization versus
temperature, the red line is the fit of the 855–900 K range data.
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Figure 10. (a) Magnetization versus temperature (range of 300–900 K) measured under H = 160 Oe
and enlarged view in the range of 540–900 K of sample NiFe-700. (b) Derivative of the M-T measure-
ment and enlarged view in the range of 590–900 K. (c) Inverse of magnetization versus temperature,
the red line is the fit of the 869–900 K range data.
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Magnetization as a function of temperature for sample NiFe-700 is shown in Figure 10a.
In the temperature range of 300–550 K, it presents a monotonous behavior, decreasing
smoothly with increasing temperature until 550 K. However, at temperatures above 550 K
(see insert in Figure 10a), a fast upward signal is observed, peaking at 655 K. Beyond
this temperature, the signal decreases, reaching a very small value at temperatures above
850 K. The derivative of the M-T measurement is shown in Figure 10b, clearly demon-
strating several magnetic transitions. The peak at 480 K is very intense, indicating a large
contribution of the FCC Ni34Fe66 alloy [72]. Furthermore, in the range between 600 and
850 K, there are several peaks with small intensities, indicating Fe-rich Ni1−xFex alloys
with ferromagnetic transitions approximately in the range of 655 K (FCC Ni43Fe57) to 825 K
(FCC Ni54Fe46) [72]. Figure 10c shows the curve (1/M) versus T, revealing it to have similar
behavior as seen in the sample NiFe-500 in Figure 9c; the downturn of magnetization occurs
at a temperature of 869 K. This indicates that the sample NiFe-700 also has the presence of
Fe clusters embedded in the paramagnetic matrix due to the Ni-Fe alloys.

Figure 11 shows the M versus H measurements at 5 K, while Table 3 gathers all the
magnetic parameters collected from the M-H measurements (Ms, Mr, Mr/Ms, and Hc). The
saturation magnetization (Ms) can be determined from the law of approach to saturation,
M(H) = Ms(1 + b/H2), where b is a fitting constant related to the magnetocrystalline
anisotropy of the alloy, and the M(H) data are chosen such as H >> Hc (Hc is the coercivity
field) [76]. Since each sample has alloys with several concentrations of Ni and Fe, it is
difficult to assign the magnetocrystalline anisotropy constant that one can calculate from
the fitting parameter, b. The fittings of the M versus H−2 curves for magnetic fields above
80 kOe are shown in Figure 12a,b.
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Figure 11. Magnetic hysteresis measured at 5 K for samples obtained from reduction of NiFe2O4 at
500 ◦C (NiFe-500) and 700 ◦C (NiFe-700). Insert shows an enlarged view of data around H = 0.

Table 3. Magnetic parameters from the M-H measurements recorded at 5 K.

Sample Ms (emu/g) Mr (emu/g) Mr/Ms Hc (Oe)

NiFe-500 164.2 34.27 0.21 335.45
NiFe-700 173.6 17.58 0.10 98.83
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Figure 12. Linear fittings of the magnetization versus 1/H2 curves recorded at 5 K for samples
(a) NiFe-500 and (b) NiFe-700. The equation in each figure is regarded as the linear fitting.

The saturation magnetization (Ms) for samples NiFe-500 and NiFe-700 are 164.2 emu g−1

and 173.6 emu g−1, respectively. These values are larger than the Ms expected for the phases
found in the XRD and M-T analysis. According to the literature [76], for FCC Fe1−xNix
alloys, the largest Ms value of ~158 emu g−1 corresponds to FCC Fe0.54Ni0.46. In this present
work, for both samples, the presence of alloys with molar ratios x/(1 − x) larger than 1/2
was found, indicating the formation of alloys with a Ni concentration above 33%. Since
the nominal amount of Ni used to prepare the samples was 33%, it is clear that besides the
alloys found in both samples, there should be alloys with a very large Fe concentration and
also pure Fe clusters. The presence of the Griffiths phase at temperatures above 855 and
869 K is strong evidence that the Fe clusters and BCC-NiFe alloys enhance the saturation
magnetizations in both samples. In the lower-right insert, there is an enlarged view of the
low magnetic field region, showing the remanence magnetization (Mr) and the coercivity
field (Hc) for these samples. Their coercivity fields indicate the soft magnetic character of
these samples. However, since the XPS study has indicated that there is a thin oxide shell at
the surface of nanoparticles, the magnetic moments at the surface may be disordered and
pinned, thus, enhancing the Hc.

3.4. Electrochemistry Characterization

The electrocatalytic activities of the Ni-Fe alloy nanoparticles as anodes for OER were
evaluated in an alkaline medium (1 M KOH), where polarization curves are obtained via
linear sweep voltammetry. Figure 13a shows the activity of the NiFe-500, NiFe-700, and
blank Ni foam electrodes (used as a reference). From the results, it follows that to generate
a current density of j = 10 mA cm−2, the overpotential reached by blank Ni foam was
517 mV, which is much higher than the 319 mV required for NiFe-500 and 307 mV for
NiFe-700. In addition to the good performance at the reference current (J = 10 mA cm−2),
the NiFe-700 electrode can achieve high current densities (400 mA cm−2 at 490 mV) below
500 mV, which is a desirable characteristic for commercial electrodes [77]. In this respect,
the NiFe-500 should exhibit a smaller overpotential at 10 mA cm−2 due to its smaller-sized
nanoparticles (see Figures 4 and 5). Nonetheless, the best performance for OER is given
by the sample NiFe-700. This result can be explained by the undesirable presence of the
BCC crystal structure in NiFe-500. The BCC phase has lower catalytic activity than the FCC
phase due to the small number of atoms exposed on each face (see crystal structures in
Figure 3). Among all the possible structures for Ni-Fe alloy crystallization, the number of
atoms exposed is greater in the HCP structure, followed by FCC and BCC [37].
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Figure 13. (a) LSV and (b) Tafel slope for NiFe-500, NiFe-700, and blank Ni foam electrodes; cyclic
voltammetry of 10–200 mV s−1 for (c) NiFe-500 (c,d) NiFe-700; (e) plot of anodic current (ia) versus
scan rate to determine CDL; (f) chronopotentiometry at J = 10 mA cm−2 for a period of 15 h (f).
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The NiFe-500 overpotential is compatible with that of Fe, Ni-based materials prepared
via the solution blow spinning (NiFe-NiFe2O4, η = 316 mV) [25] and electrodeposition in
DES (Ni75Fe25 (η = 316 mV) and Ni50Fe50 (η = 321 mV)) [40], while the NiFe-700 is similar
to the Ni-Fe-P alloy (η = 309 mV) [78] and NiFe hydroxide (η = 310 mV) [79] prepared using
the methodologies of direct-current electrodeposition and mild two-step hydrothermal
reaction, respectively.

Tafel slope was used to provide information about surface kinetics and to help eluci-
date the reaction mechanism on the OER [80]. The slopes can be obtained from the Tafel
equation as follows (Equation (5)):

η = a + b log (j0) (5)

where η is the overpotential, a is the intercept relative to the exchange current density
j0, and b is the Tafel slope [81]. As shown in Figure 13b, the values of the Tafel slopes
were 57, 72 e 182 mV dec−1 for NiFe-700, NiFe-500, and blank Ni foam, respectively. The
lowest value found for the NiFe-700 sample implies faster kinetics for OER, which can
be attributed to a greater number of active sites. In addition, a Tafel value found close to
60 mV dec−1 for the Ni-Fe-based electrodes suggests that the adsorption of intermediate
species is the rate-determining step, in accordance with Krasil’shchikov’s reaction model
for the four-step OER in alkaline solution as follows (Equations (6)–(9), where M is the
active metal) [25,82]:

M + OH− →M − OH + e−, b = 120 mV dec−1 (6)

M − OH + OH− →M − O− + H2O, b = 60 mV dec−0 (7)

M − O− →M − O + e−, b = 45 mV dec−5 (8)

2M − O→ 2M + O2, b = 19 mV dec−9 (9)

The area of the electrode that is effectively exposed to the electrolyte, which is the
electrochemically active surface area (ECSA), was estimated using cyclic voltammetry (CV)
to obtain the double layer capacitance (CDL). Figure 13c,d shows the results of the CV
curves obtained for the NiFe-500 and NiFe-700 electrodes performed in a non-Faradaic
region (1.2–1.3 V vs. RHE) with a scan rate of 10 to 200 mV s−1. Then, CDL values were
extracted from the relation anodic current (ia) measured at 1.25 V vs. RHE versus scan rate
(v), according to (ia = v x CDL) [83].

Figure 13e shows that the NiFe-700 electrode has a CDL value = 1.24 mF, against
0.94 mF for NiFe-500, which refers to a much larger ECSA for the NiFe-700 electrode given
the relation (ECSA = CDL/CS), where CS is the specific capacitance and for electrodes based
on Ni-Fe in alkaline solution is equivalent to 0.040 mF cm−2 [25,81,83]. Thus, the calculated
ECSA values were 31 cm2 (NiFe-700) and 23.5 cm2 (NiFe-500), which are in accordance
with electrodes based on Ni-Fe alloys [81]. Therefore, the higher ECSA value presented by
the NiFe-700 electrode is a clear reason for its better electrochemical performance.

The operational stability test was performed using chronopotentiometry in an alkaline
solution (1 M KOH) for an uninterrupted period of 15 h and a constant current density
of J = 10 mA cm−2 (see Figure 13f). Both electrodes showed a small increase negligible
in overpotential of ≈13 mV vs. RHE to maintain the applied current density. This has
been attributed to the blocking of the active sites by the generated O2 bubbles [25]. Table 4
summarizes some NiFe-based electrocatalysts reported in the literature.
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Table 4. Comparison of the performance of several NiFe-based electrocatalysts for OER reported in
the literature.

Catalyst Substrate Synthesis
Method

η10
(mV vs. RHE)/

Electrolyte

Tafel Slope
(mV dec−1) Reference

NiFe-500 NPs
NiFe-700 NPs Ni foam Sol–gel synthesis followed by a

reduction in H2

319
307

72
57 This work

NiFe-NiFe2O4 fibers Ni foam Solution blow spinning 316 74 [25]
NiFe foam NiFe foam - 320 56 [41]

NiFe thin films Platinum mesh Thermal evaporation 370 37 [42]

NiFe/graphene PT foil Hummers’ method followed by
electrodeposition 350 59 [84]

NiFe/CC carbon cloth
Chemical bath at room

temperature followed by
reduction

281–340 64–71 [81]

NiFe LDH glassy carbon Hydrothermal process 347 67 [85]
NiFeO GC Coprecipitation 328 42 [86]

NiFe/Au Au-RDE Electrodeposition 330 58 [87]
Ni0.9Fe0.1/NC GC Pyrolysis 330 45 [88]
NiFeOH/NF NF Impregnation 342 55 [89]
Ni-Fe-P Alloy GC Direct-current electrodeposition 309 79.4 [78]

Ni NP/NiFe LDH - Hydrothermal method 328 62 [90]
NiFe LDH GC Hydrothermal method 328 59.9 [91]

FeNi-FeNiO/CNS-700 GC Phosphating process 355 80.1 [92]
NiFe-LDH/NF Ni foam Electrodeposition 370 131.2 [93]

NiFe hydroxide GC Mild two-step hydrothermal
reaction 310 107 [79]

Ni4/5Fe1/5-LDHs GC Hydrothermal method 325 86.1 [94]
Ni75Fe25
Ni50Fe50
Ni25Fe75

Cu foil Electrodeposition
in DES

316
321
361

62
58
44

[40]

The kinetic study of the electrocatalysts was conducted using electrochemical impedance
spectroscopy (EIS) in the OER regime (at a DC potential of 1.6 V vs. RHE by 15 min for sta-
bilization) for NiFe-500 and NiFe-700 electrodes. As shown in Figure 14a, the Nyquist plots
reveal the presence of a single semicircle, describing the electrode impedance, confirmed by
the Bode plots in Figure 14b. Thus, a Randles circuit (RS(RCTCPE)), inserted in Figure 14a,
considering the whole process governed by a one-time constant (τ = RC), was adopted in
this study. In this circuit, Rs and RCT represent the solution and charge transfer resistance,
respectively, and CPE is a constant phase element. The double layer capacitance (CDL) was
calculated from CPE parameters according to the expression: CDL = RCT

(1−n)/nCPE1/n [80].
NiFe-700 electrode showed a lower RS value, suggesting a good electrical contact between
the catalyst and substrate [95]. In addition, the low solution impedance favors current
flow through the electrolyte by the mobility of ions. Since RCT is related to the overall
OER rate [96], the low impedance of the NiFe-700 electrode confirms its better perfor-
mance towards OER. The CDL values for both electrodes were expected to be higher than
those obtained using CV (Figure 13e) due to Faradic contributions in the OER regime and
adsorption (intermediate species). All fitting results are listed in Table 5.

Table 5. EIS—Fitting results of the impedance spectra in Figure 14.

Electrode RS (Ω) RCT (Ω) CPE (S.s−1) n CDL (mF)

NiFe-500 2.48 ± 0.004 1.22 ± 0.006 0.00339 ± 0.0001 0.8689 ± 0.0050 1.49
NiFe-700 1.75 ± 0.003 1.16 ± 0.004 0.00407 ± 0.0001 0.8569 ± 0.0047 1.67
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4. Conclusions

Ni-Fe alloy Nps were successfully prepared using the proteic sol–gel method and
chemical reduction in H2. The Ni-Fe alloy nanoparticles had crystallite sizes in the range of
37 to 60 nm. The samples showed the presence of alloy phases with several compositions
leading to several FM transitions. A very thin layer of surface oxides was also formed as
shown by XPS. However, XRD and Mössbauer spectroscopy studies showed only metal
phases. M vs. T measurements at high temperatures evidences the presence of the Griffiths
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phase due to clusters rich in Fe. The M vs. H measurements, at 5 K, showed Ms values
of 164.2 and 173.6 emu g−1 for the samples NiFe-500 and NiFe-700, respectively. These
results indicated the higher content of the Ni-Fe alloy phases. Finally, the electrocata-
lysts showed promising low overpotentials of 319 and 307 mV at 10 mA cm−2 and high
electrochemical stability.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/magnetochemistry9080201/s1. Figure S1: Overview XPS spectra of
(a) NiFe-500 and (b) NiFe-700 samples, Figure S2: High-resolution XPS spectra of the C 1s bands in (a)
NiFe-500 and (b) NiFe-700 samples.
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