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HIGHLIGHTS GRAPHICAL ABSTRACT

e Fe, Ni, and FeyNi;) coatings were
successfully electrodeposited on Cu
from eutectic mixture choline chloride-
urea.

e Fe-Ni-based electrocatalysts were pre-
pared by a simplified method and envi-
ronmentally friendly.

o FeyNi(y.x) electrocatalysts showed good
electrocatalytic activity and stability for
water electrolysis.

ARTICLE INFO ABSTRACT
Keywords: Fe, Ni, and FexNi(; ) coatings were successfully electrodeposited on Cu substrates from a choline chloride-urea
Electrodeposition eutectic solution without the addition of complexing agents. In addition, its magnetic properties and electro-

Fe-Ni coatings
Mossbauer spectroscopy
Water electrolysis

Deep eutectic solvent

catalytic performance for both hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) were
fully investigated. X-ray diffraction and Mossbauer spectroscopy analyses characterized the formation of Fe-Ni
alloys in the following coatings: FeggNijj, FeggNisy, Fe4yNiss, and FeygNiza, The magnetic measurements
showed that all electrodeposits presented low coercivity, characterizing the coatings as soft magnetic materials.
The Fe coating presented the best electrocatalytic performance for HER and OER in 0.5 mol L™! NaOH and at
298.15 K. However, the Fe coating detached from the substrate when it was submitted to a long-term test. Among
the FeyNi(1.x) coatings, the FeggNij; coating displayed the best performance for HER since it exhibited the lowest
overpotential of 152 mV at an applied current density of 10 mA em 2. For OER, the FeggNis; and Fey;Niss were
the best electrocatalysts, which presented the highest exchange current densities about of 7 x 10~* mA cm 2 and
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overpotential values around 374 and 377 mV to provide 10 mA cm 2. Furthermore, the Ni and FeyNi(;.x) coatings
presented good stability in 120 h long term tests at 50 mA cm 2. Finally, the experimental results showed that
the manufacture of electrocatalysts based on Fe, Ni and Fe-Ni coatings via electrodeposition conducted in the
presence of choline chloride-urea is very promising and environmentally friendly process.

1. Introduction

In 2019, the Intergovernmental Panel on Climate Change (IPCC)
published a special report about the global warming of 1.5 °C, revealing
that climate change is already affecting people, ecosystems, and liveli-
hoods worldwide [1]. The IPCC also reported that the global energy
sector is responsible for most greenhouse gas emissions each year,
mainly because the world’s energy matrix is strictly based on fossil fuels
[2]. Therefore, the scientific community is dedicated to find new energy
resources that are clean and renewable to reduce our dependence on the
fossil fuels. In this scenario, water electrolysis has emerged as one of the
most promising approaches to achieve efficient energy conversion and
storage, since it produces hydrogen and oxygen gases at the cathode [3,
4] and at the anode [3-8] of an electrochemical cell, respectively.
Furthermore, it can be coupled with several important electrochemical
processes such as rechargeable metal-air batteries and regenerative fuel
cells [9].

The water electrolysis process is severely limited by the oxygen
evolution reaction (OER), which is kinetically sluggish and requires a
large overpotential to overcome the activation energy barrier [10].
Therefore, OER is responsible for the most energy consumption during
water splitting [11]. In this context, high efficiency electrocatalyst ma-
terials must be sought to reduce the energetic cost of the water elec-
trolysis process. Currently, the best performances are found in materials
based on precious metals, such as Pt, Pd, and Au [3,4,12], which are rare
in the Earth’s crust and have high financial costs. Over the last decades,
transition-metals-based oxides have opened a new avenue for research
of electrocatalysts used in the electrochemical water splitting process
[14-19]. For instance, RuO5 and IrO; have demonstrated high electro-
catalytic activities for OER in both acidic and alkaline solutions [5,6,
19]. However, these oxides are scarce in the Earth’s crust and have a
high cost, which largely restricts their large-scale applications. In
contrast, transition metal oxides are more accessible and economically
viable. Among them, the oxides of Ni [14,20], Fe [14,21], Co [13,17],
and Mn [15] have shown a high potential for water splitting applica-
tions, mainly due to their chemical stabilities. Yuan et al. [20] reported
the successful application of ferrite NiFe;O4 tubular microstructures for
HER and OER, which presented high electrocatalytic activity in a 1.0
mol L~! KOH solution. Moreover, the electrocatalyst performance of this
oxide was sensitive to the structural properties of the oxide, as well as its
morphology.

In addition, binary alloys based on transition-metals have emerged
as promising materials for water electrolysis due to their high stability
and excellent electrochemical activity in alkaline solutions [22]. In this
context, Fe-Ni binary alloys stand out for presenting excellent electro-
catalytic performance associated with chemical stability, either HER
and/or OER [23-27]. Luo et al. [26] reported that Fe-Ni electro-
deposited alloy exhibited morphology of nanosheets with high catalytic
activity and stability for HER, with an overpotential of 139 mV at 10 mA
cm2in 1.0 mol L~! KOH. Ullal et al. [24] in turn electrodeposited Fe-Ni
coatings on Cu substrates and tested them for HER and OER, as well as
their corrosion resistance in the 6.0 mol L™! KOH, showing excellent
efficiency in both situations. Therefore, Fe-Ni alloy has exhibited high
stability and excellent electrocatalytic performance for water splitting in
alkaline solution. Notably, the incorporation of Fe atoms on the elec-
trolytic surface of binary transition-metal alloys improves water elec-
trolysis’s electrolytic activity in alkaline conditions. The free energy of
adsorption of Hy and O, molecules in the Fe sites is too low, providing
high efficiency at low overpotential [28,29]. Tang et al. [29] performed

tests for HER in Fe( 50Coq 50P coatings, as well as computational calcu-
lations based on the density-functional theory (DFT). These authors
showed that the incorporation of Fe sites reduces the free energy of Hy
adsorption onto the material surface. Furthermore, Friebel et al. [28]
conducted experimental studies using X-ray absorption spectroscopy
(XAS) and demonstrated that the Fe3* species in Ni; _yFeyOOH occupies
octahedral sites with unusually short Fe-O bond distances. Moreover,
computational calculations based on a density-functional theory with
Hubbard U (DFT + U) methods revealed that the incorporation of Fe
sites reduces the free energy from O, adsorption.

Electrodeposition is a simple and economically viable method to
produce electrocatalytic materials, such as Fe-Ni coatings, because of its
easy handling, low-cost, quick, and can be carried out at room temper-
ature [22-24,26]. Generally, electrodeposition is performed in
aqueous-based electroplating solutions; however, the narrow potential
range related to the electrochemical water stability can affect the quality
and adherence of the electrodeposited coating [30], since the water
splitting occurs simultaneously with the electrodeposition of metals,
such as Fe and Ni. Moreover, Fe?* ions are unstable in an aqueous
medium, requiring an electroplating bath with pH equal to or smaller
than 3.5 [30] and/or the aid of complexing agents, such as cyanide, to
minimize the precipitation of iron oxides/hydroxides. Besides, the
occurrence of these reactions at low pH values results in low electro-
deposition cathodic efficiency and increases the electrodeposited layer’s
stress [30]. Finally, the use of the complexing agents in aqueous elec-
troplating formulations leads to the production of non-environmentally
friendly wastewater.

Over the past decades, Deep Eutectic Solvents (DES) have proved to
be an excellent alternative to aqueous-based electroplating solutions for
the electrodeposition of metals and alloys [31-38], since they have
excellent properties. Among them, it can be highlighted that they are
easy to prepare, have good ionic conductivity, have high thermal sta-
bility, large electrochemical windows, and the metal salts have good
solubility in DES [39,40]. Furthermore, the DES are biodegradable and
non-toxic, which make them excellent environmentally friendly alter-
natives to formulate electroplating solutions to overcome the environ-
mental problems associated with the non-environmental wastewater
produced by the industrial electrodeposition process based on aqueous
electroplating solutions [40,41]. The most widely studied eutectic
mixtures are based on a combination of organic salts, such as choline
chloride (ChCl), with hydrogen bond-donor compounds, such as either
urea (U) or ethylene glycol (EG), in a molar ratio equal to 1:2 [41,42].
Yanai et al. [43] demonstrated that Fe-Ni alloy films could be success-
fully electrodeposited from a plating bath based on ChCI-EG with a
molar ratio of 1:2.

Therefore, this study aimed to investigate the electrodeposition of
Fe, Ni, and FeyNi(; x) (0 < x < 1) films on Cu substrates at 353.15 K using
a mixture of ChCl and U in the molar ratio of 1:2 (1ChCl:2U) and without
the addition of complexing agents. The effect of the molar ratio between
Fe?" and Ni%* species in the bath composition was evaluated. Finally,
the magnetic properties and electrocatalytic performance of the elec-
trodeposited coatings for water electrolysis in alkaline solution were
investigated.

2. Experimental procedure
2.1. Electrodeposition of the coatings

All chemicals were used as received. The Fe, Ni, and FeyNi(.x)
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coatings were electrodeposited on the Cu substrate from electroplating
solutions prepared by the mixture of choline chloride (ChCl) (HOC;H4N
(CH3)3Cl, Sigma-Aldrich, > 98%) and urea (U) ((NH2).CO, Sigma-
Aldrich, > 99%) in a molar ratio of 1:2 at 353.15 K and containing
different molar ratios of iron chloride (FeCly4H30, Sigma-Aldrich >
99%) and nickel chloride (NiCly6H,0, Sigma-Aldrich > 99%). The DES
preparation followed the procedure described in the literature [41]. All
electrochemical data were obtained by a potentiostat/galvanostat AUTO
LAB PGSTAT30 (Metrohm-Eco Chemie) which was controlled by NOVA
software version 2.1. All electrochemical measurements were performed
in a conventional three-electrode cell of one compartment. Platinum
plate (2 em?) and Ag(s)/AgCl(s) were the auxiliary and the reference

Materials Chemistry and Physics 279 (2022) 125738

electrodes, respectively, for the experiments carried out in 1ChCl:2U.
For cyclic voltammetric measurements, the working electrode was a Cu
wire embedded in epoxy resin and a disk area of about 0.26 cm? was
exposed. For the acquisition of the Mossbauer spectra and electronic
scanning microscope images, all the coatings were electrodeposited on a
Cu tape (1 cm? and thickness of 20 pm) supported on a glass plate. For
the electrocatalytic tests, the coatings were electrodeposited on a Cu
cylinder embedded in epoxy resin, and a disk area of about 2.04 cm? was
exposed.

Before the electrodepositions, Cu wire and cylinder were mechani-
cally polished with sandpaper from 100 up to 1200 mesh. Besides, the
following cleaning procedure was applied to all Cu electrodes before the

Fig. 1. Cyclic voltammograms obtained at
different electroplating solutions: (a) 0.5
mol L™! FeCly4H,0 (red line), 0.5 mol L™!
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coating depositions: degreasing in 10% NaOH solution, rinsing in Milli-
Q water, pickling in 10% HCI solution, and, finally, rinsing again in
Milli-Q water. The electrodepositions were performed under potentio-
static control for 30 min, at 353.15 K and at potentials selected from the
cyclic voltammograms, which are shown in Fig. 1. All coatings were
washed with water purified by the Milli-Q system to remove the solvent
and then washed with isopropyl alcohol to remove the water adsorbed
on the coating surfaces, and, finally, the sample was air-dried. The molar
concentrations of the formulated electroplating solutions and the values
applied to deposit the coatings are listed in Table 1.

2.2. Physical and chemical characterizations of the electrodeposited
coatings

The surface morphologies of all electrodeposited coatings were
analyzed using a high-resolution scanning electron microscope (FEG-
SEM, model FEI-Quanta 450) operating at 20 kV coupled with Energy-
dispersive X-ray spectroscopy (EDS). The X-ray diffraction (XRD) pat-
terns of Fe, Ni, and FeyNi(; x) coatings were collected using a PANalytical
diffractometer, model XPertPRO equipped with Co-Ka radiation (A =
0.1788 nm). The Inorganic Crystal Structure Database (ICSD) was used
to identify the phases formed in the material. Chemical composition
analyzes were performed in triplicate. The Fe, Ni, and FeyNi(;.x) coat-
ings’ magnetic properties were measured at room temperature in a
vibrating sample magnetometer (VSM) Lakeshore 7400 with a
maximum magnetic field amplitude of 7.5 kOe. The Mossbauer spectra
were measured in a spectrometer SEE Co. model W302 in transmission
mode using a radioactive °’Co source diffused into a rhodium matrix.
Mossbauer spectra were evaluated with the software package NORMOS,
using the hyperfine field distribution method. Furthermore, metallic
iron a-Fe was used for energy calibration, and references for isomer
shifts (8) are fitted concerning the a-Fe.

2.3. Electrocatalytic tests of FexNi(1.x) coatings for water electrolysis

The electrochemically active surface areas (ECSA) for all Fe, Ni and
FexNijx electrocatalysts were determined from the electrochemical
double-layer capacitance (Cqp) of each electrocatalytic coating using Eq.
(1) [44,45].

Ca
ECSA = a (€D)]

In this equation, Cg is the specific capacitance of a smooth and planar
electrode per unit area, obtained at the same conditions as the working
electrolyte. Although the ideal in such procedures is to produce smooth
and planar electrodes of each catalytic material in which we want to
measure Cg and calculate ECSA, this process is not practical for most
electrodeposited materials [46]. However, the value of 0.040 mF cm 2
was used for Cs of Ni-based materials, based on typical reported values
in aqueous NaOH solutions [11,46]. The Cq values were determined
from the cyclic voltammograms (CV) measured at different scan rates at
an electrochemical window where there was no or minimal Faradaic
activity, that is, in this potential region, it is assumed that all measured

Table 1
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currents are due to double-layer charging. Using the data of double-layer
charging current (io) and scan rate (v), extracted from the cyclic vol-
tammograms curves, we can calculate the Cq; from Eq. (2) [11,44-46].

i.=vCy 2

According to Anantharaj et al. [47], this is the best method to
determine the Cq in electrocatalytic materials used for HER and OER, in
which the i values were measured in the anodic and cathodic regions,
and from then on, a plot resulting from the difference in double-layer
charging current (Ai (i, — i) as a function of the scan rate will yield
a linear line, the slope of which is Cq of the investigated material.

The kinetic parameters of the Fe, Ni and FexNi(; ) coatings for the
HER and OER were obtained by linear sweep voltammetry (LSV) at 1
mV s~ ! in 0.5 mol L~! NaOH at 298.15 K. However, all the measured
potentials vs. Hg)|HgO)|OH (aq) were converted to the reversible
hydrogen electrode (RHE) scale using Eq. (3) [48]. The equation
referred to is an expression for the conversion of the potentials measured
in the electrode from Hg/HgO to RHE that takes into account the pH
value of the solution, that is, it can be used in various situations. This
type of conversion is quite common in literature since the use of the RHE
is not very convenient from an experimental point of view.

EvsRHE = Evs. Hgngoion + 0.095 + 0.059 pH 3)

where Eys, rue is the potential vs. RHE, and Eys. g|ngo|on is the potential
measured vs. Hg)|HgO(s)|OH ™ (5q). Furthermore, in the water electrol-
ysis process at 298.15 K, the equilibrium potential is —0.926 V vs. the
standard hydrogen electrode (SHE) for HER [49] and 0.3033 V vs. SHE
for OER [50]. The stabilities of all electrodeposited coatings for both
HER and OER were evaluated in a long-term test for 120 h, at 298.15 K
and applying 50 mA cm 2.

3. Results and discussions
3.1. Cyclic voltammetry

Cyclic voltammetry experiments were carried out to investigate the
electrochemical reduction of the Fe?* and Ni?* species on Cu substrate,
as well as to determine the working potentials. Initially, the background
scan of 1ChCl:2U solution in the absence of metal salts (dashed line)
showed an excellent electrochemical window for electrodeposition be-
tween —0.5 and —1.2 V vs. Ag/AgCl, as can be seen in Fig. 1a. Likewise,
the cyclic voltammograms obtained individually for 0.5 mol L™} of
FeCly4H50 and NiCl»6H-0 solutions, showed that the electrochemical
reduction of Nit/Ni° species occurs around —0.83 V vs. Ag/AgCl, while
the reduction from Fe*/Fe® species occurs in more negative potentials
around —1.0 V vs. Ag/AgCl. Moreover, the cyclic voltammograms ob-
tained in electroplating solutions containing different ratios of Fe?* and
Ni%t species are shown in Fig. 1(b-f). As the concentration of Ni%*t
species increases in solution (> 0.25 mol L™1), a second reduction peak
is identified around —0.85 V vs. Ag/AgCl, which in turn is related to the
electrochemical reduction of Ni®*/Ni®. The Fe, Ni, and FexNi(;.x) coat-
ings were prepared at the peak potentials identified in the cyclic

Effect of the Fe*>'/Ni?* ration in electroplating solution in the Fe/Ni ration in the electrodeposited coatings achieved at 353.15 K. The values of applied electrode-

position potentials are also displayed in this table.

Bath compositions Fe**/Ni%* Epea/V Coatings composition by EDS Fe/Ni Sample label
FeCly.4H,0/mol L1 NiCl,.6H,0/mol L~! Fe/at. % Ni/at. %

0.5 0 —1.00 100 0 Fe

0.45 0.05 9.00 -1.00 89+1.8 11 +1.8 8.09 FegoNiqq
0.35 0.15 2.33 —1.00 69 +1.3 31+1.3 2.22 FegoNisy
0.25 0.25 1.00 —0.98 47 £1.9 53+1.9 0.88 Fe47Nis3
0.15 0.35 0.43 —0.98 28 +2.2 72 +22 0.39 FeogNizo
0.05 0.45 0.11 —0.85 8+1.5 92 +1.5 0.09 FegNigy

0 0.5 —0.83 0 100 Ni
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voltammograms, which are listed in Table 1. It is worth mentioning that
there exists a current crossover-loop between forward and reverse sweep
in the cyclic voltammograms recorded for 0.5 mol L™} of NiCl;6H,0
electrolyte. It is suggesting that Ni?*/Ni® electrodeposition on the Cu
electrode occurred via the nucleation-growth mechanism. On the other
hand, this nucleation-growth controlled process is not observed in the
cyclic voltammogram acquired for electrolyte containing 0.5 mol L™
FeCly4H20 ions only. This indicates that all electroactive sites on the
substrate surface are covered during the electrodeposition. Furthermore,
as the amounts of Ni2* in the electrolytes increased, see Fig. 1(c-e), it is
possible to observe the formation of a nucleation loop, indicating that an
overpotential for nucleation and growth of the bulk alloy is required.

o}
(=}

Atomic Percent (%) Q3
= - \——
= o
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3.2. Morphological, chemical composition and structural characterization
of the coatings

Fig. 2a shows the chemical composition of the FexNi(;.x) electrode-
posits obtained by EDS as a function of the molar concentration of Fe?"
species in the electroplating solutions. These results show that the per-
centage amount of Fe in the coatings is enhanced with increasing Fe?*
molar concentration. Analysing Table 1, it can be concluded that the Fe
content in the electrodeposited coatings was always lower than the
concentration of Fe" ions in the corresponding electroplating solutions.
Therefore, the noblest metal, Ni, was preferentially electrodeposited,
indicating that electrodeposition of the FeyNi(;x) alloys in 1ChCl:2U
eutectic mixture presented regular behavior.

Fig. 2. (a) Plot showing atomic weight percentage of Fe, Ni, and FeyNi(; ) coatings with the bath composition. SEM images obtained for the electrodeposited
coatings: (b) Fe, (c) FegoNijj, (d) FeggNisz, (e) Feq7Niss, (f) FeagNiya, (8) FegNigy, and (h) Ni.
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The top surface morphologies of the electrodeposited coatings are
shown in Fig. 2(b-h). The examination of the images revealed that the
Fe-rich coatings, such as Fe, FeggNiy1, and FeggNis;, are cracked as seen
in Fig. 2(b-d), which is a typical morphology observed for Fe-rich alloys
electrodeposited in both aqueous [51-53] and DES [43,54] electro-
plating solutions. Lammel et al. [55] and Eliaz et al. [56] attributed the
formation of cracks on the top surface coatings to the high residual stress
caused during the electrodeposition process, which may be due to the
replacement of larger atoms by smaller atoms in the crystalline struc-
ture. Another possibility for the crack formation is due to the stress
originated by gas bubbles formed during the electrochemical reduction
of the solvent, since Vieira et al. [57] reported that when sufficiently
negative potentials are applied, this leads to the electrochemical
reduction of choline ions (Ch™), hydroxyl groups of EG and ChCl, and/or
trace of water present in DES.

On the other hand, for electrodeposits containing a high percentage
of Ni, the top surface examination exposed a change to spherical ag-
glomerates structures similar to the spherical particle morphology,
which is usual for Fe-Ni coatings [52]. Besides, with the Ni enrichment
of coatings, the spherical clusters’ size decreased, as shown in Fig. 2(f-g).
Furthermore, the Ni (Fig. 2h) coating was characterized by micro-
nodules randomly distributed on the substrate surface, consistent with
literature reports for Ni electrodeposits from DES [34-36].

Fig. 3 shows the XRD patterns achieved for Fe, Ni, and FeyNi(1.x)
coatings. In all patterns, it is possible to identify peaks with angle 20 at
about 50 and 60°, which were indexed to the set of crystallographic
planes {111} and {200}, respectively, being attributed to the face-
centered cubic (fcc) structure of the Cu substrate (ICSD 52256 file
card). However, no peak referring to the body-centered cubic phase
(bce) related to a-Fe was detected, probably due to the thin thickness of
the coatings. Moreover, as the Ni content increased in the coatings, the
width of the peak located in 26 angle at about 53° increased, strongly

Cu {111}

Cu {111}, Fe {110}

N

FeNi {101}, Cu{111}

A
AL
Ni {111}

A
—ju\l/u\\l L | ! | L | L | L

50 52 54 56 58 60 62 64
20 (degree)

Fig. 3. XRD patterns of Fe, Ni, and FexNin.x) coatings electrodeposited at
different in electroplating solutions.

Fe89N111

Intensity (a.u)
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indicating the existence of an overlap of the fcc phases of Cu and bcc,
attributed to the Fe-Ni alloy, according to ICSD 103555 file card. On the
other hand, for Ni-rich coatings (FegNigy and Ni), the XRD patterns
revealed peaks at 20 around 49, 52, and 61°, which can be indexed to
{111} and {200}, from the fcc structure of Ni, according to the ICSD
43397 file card.

3.3. Mossbauer spectroscopy studies

Mossbauer spectroscopy is a useful technique for investigating iron
sites and their chemical vicinity. Therefore, this technique was
employed to confirm the formation of the Fe-Ni ferromagnetic phase, as
well as to obtain the local magnetic texture parameters which are typical
of ferromagnetic thin films [58].

Fig. 4(a-d) shows the room temperature Mossbauer spectra of coat-
ings FeggNij1, FeggNis1, Feq7Niss, and FeagNiyo along with the best fits of
data, where all results were fitted by a distribution of the hyperfine
magnetic field Fig. 4(e-h), indicating randomness of the environment
where the Fe atoms are located [59]. Moreover, the values of the hy-
perfine parameters, isomer shift (8), quadrupole shift (A), and hyperfine
magnetic field (Byy), are presented in Table 2. For the FeggNijj coating
(Fig. 4a), the Mossbauer spectra was fitted by a By distribution, with the
highest probability of By centered on 34.6 T (see Fig. 4e). The growth of
By¢ values in relation to a-Fe of 33.3 T are typical for Fe-Ni phase with
lower Ni concentration. According to Johnson et al. [60], the Fe-Ni alloy
with a concentration of Ni less than 25% maintains the bcc structure
o-Fe, and the By around the °’Fe atom grew by 0.76 T for each Ni atom
that substitutes the Fe atom in one of on the vertices of the bec structure
a-Fe [61]. However, when the Ni concentration was greater than 30%,
such as FeggNis1, Fe47Niss, and FeygNizo, the Mossbauer spectra showed
By distributions centered on 33.1, 31.0, and 28.7 T, respectively. The
reduction of the hyperfine magnetic field in relation to the a-Fe of 33.3 T
is due to the formation of a new atomically disordered magnetic phase,
which began to form around Ni concentrations higher than 28%, as
explained by Johnson et al. [60]. The value of 33.1 T for the FeggNis;
spectrum indicated the beginning of the formation of the disordered
magnetic phase in which the disorder caused by the incorporation of Ni
atoms is still too low that it maintains the bcc structure o—Fe. Besides,
the distributions of Bys centered on 31.0, and 28.7 T were similar to
those values reported in the literature for chemically disordered taenite
phase in the Fe-Ni alloy [62-65], generally formed in compositions
around FesgNisp, as reported by Abdu et al. [65]. Therefore, we can
assign these distributions of Bp¢ to the chemically disordered Fe-Ni
taenite phase, characterizing the formation of the Ni-rich Fe-Ni alloy
in the coatings Fe47Nis3 and FeggNiys.

However, for the FeggNiy; and FeggNi3; coatings, Mossbauer spectra
showed the paramagnetic contribution is a singlet, with § = 0.01 and
0.10 mm s, respectively, indicating the location of Fe atoms in an fcc
structure [59]. Such behavior originates from the diffusion of Fe atoms
to the Cu substrate’s fcc structure during electrodeposition, thus forming
a Cu-Fe (Fe in the Cu matrix) solid-solution. Despite the coating
becoming Ni-richer, the singlet contribution was suppressed. A similar
investigation conducted by our research group with Fe-Co coatings [66]
revealed that the pure Fe coating electrodeposited under identical
conditions presented a well-defined singlet contribution attributed to
Fe-Cu solid-solution. Furthermore, it is interesting to note that the
values of § of the distribution calculated for all sub-spectra in relation to
«-Fe were in the range of 0.01 at 0.11 mm s}, and the values of A were
quite close to zero. These values were compatible with those calculated
by Kozlovskiy et al. [61] for Fe-Ni alloy electrodeposited from aqueous
electrolytes. Furthermore, the location of the By¢ in the range of
28.7-37.0 T indicates that in the FeyNi(.x) coatings, the formation of
magnetically ordered iron oxides did not occur, which is easily formed in
aqueous systems due to the low pH values of the electroplating solution.

Moreover, we would like to highlight an important point observed in
the FeggNij; and FeggNis; coatings: irregularity in the intensities of
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Table 2

Parameters Mossbauer of FeyNi(; .y coatings obtained from hyperfine fits.

Sample Mossbauer parameters

Fitting By¢ (max)/  §/mm A/mm Ios/ 0°
T st st Iie

FegoNi;;  Distribution  34.6 0.06 0.03 0.06 17.8
Singlet 0.02

FegoNiz;  Distribution  33.1 0.07 0.01 0.33 39.1
Singlet 0.19

FesNis;  Distribution  31.0 0.09 0.02 0.35 40.0

FeygNiy,  Distribution  28.7 0.04 0.01 0.38 42.1

absorption lines two and five observed in the Zeeman sextet in the
Méssbauer spectra of °’Fe nuclei. This region of the spectrum carries
information about magnetic moments’ orientation [67]. The magnetic
texture (preferred orientations) in ferromagnetic materials by
Mossbauer spectroscopy is determined by the ratio of intensities of the
second and fifth lines to the first and sixth resonance lines, which de-
pends on the angle (0) between the incidence direction of the
gamma-rays beam and the orientation of the hyperfine magnetic field:
Ins/li6 = 4sin®0/3(1 + cos?0). The ratio of intensities of the coatings
studied (see Table 2) suggested the existence of a magnetic texture, with
the magnetic moments oriented in the same direction as the axis of
propagation in the gamma-rays. However, the fitting revealed that only
the sub-spectra referring to the bcc structure a-Fe presented a relevant
magnetic texture. The other sextets related to FesyNis3 and FepgNizy
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coatings presented a low degree of orientation reflected in the 0 values
shown in Table 2; such results can be explained by the presence of a
chemically disordered taenite phase which directly influences the
ordering of the magnetic domains of the coatings.

3.4. Magnetic properties

The magnetic properties of the Fe, Ni, and FexNi(;.x) coatings were
investigated by analysis of magnetic hysteresis loops using a vibrant
sample magnetometer operating at room temperature, as shown in
Fig. 5. The experimental results revealed well-defined magnetic hys-
teresis loops and ferromagnetic behavior in all coatings. Moreover, in all
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analyzed samples, the magnetic hysteresis loops showed a low value of
the coercive field (H,). The coercivity of coatings Fe, FeggNi; 1, FegoNisy,
Fe47Nis3, FeygNizo, FegNigy, and Ni was around 328, 292, 185, 126, 83,
92, and 125 Oe, respectively. Such results suggested that the coatings
were soft magnetic materials, typical of Fe and Ni-based electrodeposits
[22]. Therefore, the electrodeposition of Fe and Ni-based coatings from
1ChCl:2U eutectic solvent preserved the magnetic properties observed
in aqueous solutions [68,69].

Analyzing the hysteresis loops in detail, it was possible to identify a
relationship between the H. value and the Ni concentration in the
coatings. Fig. 6 shows the H. values dependence with the electro-
deposited Ni concentration. Since the concentration of Ni increased, the
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Fig. 5. Magnetization curves of the Fe, Ni, and FexNi(; x) electrodeposited (a-f). Inset (a-f): magnification of curves for the analysis of the magnetic hysteresis.
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Fig. 6. Relationship between coercivity H. and Ni content in the FeyNig.
x) coatings.

value of H. decreased. Thus, the additional increase in Ni content caused
significant changes in the coercivity of the FeyNi(;.x) electrodeposits.
This behavior can be correlated to the formation process of the FeyNi(; )
alloy by the incorporation of Ni atoms into the crystalline structure of
the electrodeposits. This process promoted a significant number of de-
fects in the crystalline structure of the material, resulting in changes of
the ordering of the magnetic domains and increasing the hysteresis
losses [69]. Based on this result, allying with XRD and Mossbauer
spectroscopy analyses, it was possible to attest the incorporation of Ni
into the structure of the coatings.

3.5. Electrocatalytic properties for water splitting

The ECSA data for FeyNi;x electrocatalysts were estimated from
cyclic voltammograms obtained at different scan rates, as shown in
Fig. S1, S3 and S4 in supplementary material, as well as ECSA values,
which are listed in Table 3. The results showed that the Fe and FeggNii;
electrocatalysts exhibit the highest ECSA values among all the investi-
gated materials with 111.2 and 58.1 cm?, respectively. The high ECSA
values for these electrocatalysts is related to the cracked morphology,
which provides a high surface area of exposure for both materials. When
comparing the ECSA results with the surface morphologies of all FeyNi; 4
coatings (see Fig. 2), it is possible to observe that the addition of Ni

Table 3

Comparison electrocatalytic activity for HER of electrocatalysts Fe, Ni and
FeyNi(1.5) 0.5 mol L~! NaOH at 298.15 K with some recently reported electro-
catalysts in alkaline solution.

Electrocatalysts ECSA/ b/mV Jo ecsa)/ n/mV at Reference
cm ™2 dec! mAcm 2 10 mA
em 2
Ni 21.3 140.1 1.1 301 This work
FegNigy 27.2 105.0 0.4 256 This work
FeqgNiga 422 134.7 1.4 236 This work
Fey7Nig3 435 136.8 1.9 220 This work
FegoNigy 37.7 150.8 3.6 191 This work
FegoNiq1 58.1 124.5 2.9 152 This work
Fe 111.2 74.4 1.4 111 This work
Ni-Fe-P 84 142 [71]
FeNi-P 82 102 [27]
FeNi-S/NF 77 47 [25]
MoS2-Ni3S2 61 98 [72]
NiFe 112 139 [26]
CoP/CC 55 103 [29]
Fel.0Co1.1Ni1.4NC 168 175 [48]
NiFe,04 60 201 [20]
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content in the coatings reduces the crack density, indicating that such
morphology is directly related to the Fe content present in the coating.
Therefore, this particular behavior correlates with the ECSA results,
since it presents a reduction trend with Ni, ranging from 111.2 to 21.3
cm? for the coatings which are composed of 100% of Fe and Ni,
respectively. Furthermore, all materials studied presented ECSA values
much higher than their geometric areas of 2 cm?. This result indicates
that the electrodeposited FexNi; x coatings have a large number of active
sites exposed for both HER and OER.

The process of the electrochemical water splitting implies the
breaking down of water molecules into hydrogen and oxygen, with HER
occurring on the cathode, whereas the OER takes place on the anode [6].
Cathodic polarization by LSV was used to evaluate the electrocatalytic
activity of Fe, Ni, and Fe4Ni(;.x) coatings for HER in 0.5 mol L~! NaOH.
From a practical point of view, when thinking about an industrial
application, energy consumption is an important parameter to be eval-
uated in the process of water splitting. In this sense, the overpotential
value necessary to deliver at a current density per geometric area of 10
mAcm ™2 is the most widely used criterion to classify the performance of
electrocatalysts, since the value of 10 mAcm ™2 corresponds to the
working current density for a solar water-splitting device with an effi-
ciency of 2.3 % [6,70]. However, in this situation, the electrocatalytic
effects are mixed with surface roughness effects and the results do not
represent the true electrocatalytic activity of the material. To overcome
this problem, the LSV curves used for the Tafel plot were normalized by
the corresponding ECSA.

Fig. 7a shows the polarization curves for the Fe, Ni, and FexNi.x)
coatings recorded at 298.15 K. The values of the overpotentials required
for providing a current density of 10 mA cm 2 (geometric area) for Ni,
F83Ni92, F623N172, F647Ni53, F669Ni31, FEggNill, and Fe coatings are lis-
ted in Table 3. Of note, that the Fe and FeggNi;; electrocatalysts showed
an excellent HER performance since the overpotential values in these
materials are comparable or lower to some non-precious metal catalysts
already studied in the literature, as shown in Table 3. Here, the increase
of Fe content in these binary alloys caused a decrease in the over-
potential values, indicating that the incorporation of Fe into the coating
improved the electrocatalytic activity of the material. According to
Shang et al. [25], the Fe incorporating bimetallic Fe-Ni alloys increased
active sites for water splitting. The authors showed that the insert of Fe
in the binary alloy improved the properties of HER; furthermore, the
coating with Fe:Ni 3:1 M ratio presented the high electrochemical ac-
tivity and excellent stability for overall water electrolysis. Moreover, the
free energy change for hydrogen adsorption on the catalyst surface is the
parameter used to quantify the hydrogen-metal bond strength. For
instance, Tang et al. [29] performed computational calculations based
on quantum-mechanical theory and concluded that the free energy for
the hydrogen adsorption on Fep 50Cog 50P was less negative than one
calculated for the CoP electrocatalyst, revealing that the incorporation
of Fe sites reduces the free energy of Hy adsorption onto the material
surface. Therefore, the iron inserted in the electrocatalyst material
improved its performance for HER.

The linear fitting of the LSV cathodic curves by the Tafel equation (1
= a + b-log(J)) allowed the calculation of the kinetic parameters for the
HER. In alkaline medium, HER is described by three mechanisms:
Volmer-Tafel, Volmer-Heyrovsky, and Volmer, corresponding to slope
values of 30, 40, and 120 mV dec™! [3], respectively. The Tafel plots for
the FexNi; x electrocatalysts normalized by their respective ECSAs are
presented in Fig. 7b, while the electrocatalytic data of the Tafel slope
and exchange current density (Jogcsa)) are listed in Table 3. For the Fe
electrocatalyst, the corresponding Tafel slope is 74.4 mV dec™?, sug-
gesting that HER was mainly controlled by the Volmer-Heyrovsky
mechanism with the determining step being the Heyrovsky reaction.
However, as the chemical composition of Ni increases in the electro-
catalysts, the Tafel slopes suffered a significant increase reaching 124.5
mV dec! for FegoNij;. Also, for the other FeyNi(;x) and Ni electro-
catalysts, the values were higher, indicating that the Volmer reaction
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was the determining step for HER. These results showed that the Fe and
Ni sites are active for HER. However, the effect of the decreasing of the
slope value for Fe-rich electrocatalysts suggested that the HER kinetics

on the Fe sites was faster and, therefore, the electrocatalytic activity of

Fe-Ni coatings was improved with the addition of Fe. The FeggNisz;
coating presented the highest value of Jogcsay of 3.6 mA cm~2,
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indicating the highest charge transfer kinetics for the HER. In Table 3, it
was possible to analyze the electrochemical parameters for all investi-
gated electrocatalysts. Such results were comparable and sometimes
superior to the other transition metals based electrocatalysts previously
reported in the literature, as shown in Table 3.

The stability tests of the electrocatalysts for HER were investigated
by continuous operation in which electrocatalysts were subjected to a
current density of 50 mA cm™2 for 120 h, as can be seen in Fig. 7c.
During the tests, the nucleation of Hy gas bubbles on the Fe coating
surface caused its detachment from the substrate. On the other hand, Ni,
FegNigz, FeggNi72, Fe47Ni53, Fe69Ni31, and FeggNill showed excellent
physical and electrocatalytic stability, keeping the potential values sta-
ble throughout the continuous operation, indicating that this property
makes them promising electrocatalysts materials for the hydrogen pro-
duction of HER on a large scale.

Subsequently, the electrocatalytic performance of the coatings Fe,
Ni, and FeyNi(;.x) for OER was also investigated. Fig. 8a shows the anodic
polarization curves obtained in 0.5 mol L™} NaOH at 298.15 K. The
values of the overpotential required for providing a current density of
10 mA cm™2 (geometric area) of the electrocatalytic coatings Ni,
FeSNigz, Fengi72, Fe47Ni53, FeégNigl, FeggNill, and Fe are listed in
Table 4. Among them, the FeggNi;; catalyst presented the highest per-
formance for OER, since a small overpotential of only 367 mV was
needed to provide a current density of 10 mA cm ™2 (geometric area).
The incorporation of Fe in Fe,Ni.x) metallic coatings promoted the
enhancement of electrocatalytic performance. The comparison among
the values obtained here and the values published in the literature are
shown in Table 4. Previous studies have reported the presence of a
shoulder in the anodic sweep because of the oxidation of Ni** to Ni®* in
Ni-Fe coatings. This electrochemical process is well-known owing to the
formation of nickel hydroxide/oxyhydroxide during the oxygen evolu-
tion reaction on Ni-Fe alloys top surface in alkaline media [73]. This
oxidation peak was not detected, as can be seen in Fig. 8a. However, the
presence of Fe in higher amounts in the Ni-Fe coatings could shift the
Ni2*/Ni®* oxidation peaks to higher potential regions, therefore, this
oxidation process becomes less pronounced and even overlaps with the
rapidly increasing OER current [21,74,75]. Furthermore, Friebel et al.
[28] conducted an experimental study based on XAS to show that Fe3+
in Ni; xFexOOH occupies octahedral sites with unusually short Fe-O
bond distances, induced by edge-sharing with surrounding [NiOg]
octahedra. Additionally, these researchers performed density functional
calculations to explain that this structural arrangement results in near
optimal adsorption energies of OER intermediates and low over-
potentials at Fe sites, in contrast to Ni sites for water electrolysis,
revealing that the incorporation of Fe sites reduces the free energy from

Table 4

Comparison electrocatalytic activity for OER of electrocatalysts Fe, Ni and
Fe,Ni(1.) 0.5 mol L™! NaOH at 298.15 K with several recently reported elec-
trocatalysts in alkaline solution.

Electrocatalysts b/mV Jo (csay/mMA n/mV at 10 mA  Reference
dec? em 2 cm 2
Ni 73.6 49 x107* 409 This work
FegNigy 84.4 2.5 x 1072 406 This work
FeygNigy 98.5 7.9 x 1072 398 This work
Feq7Nis3 90.5 5.9 x 1073 374 This work
FegoNis; 60.4 2.1 x10°* 377 This work
FegoNiqq 74.3 8.8x10°* 367 This work
Fe 61.5 2.7 x 1074 370 This work
FeNi-P 72 224 [271
Fel.0Co1.1Nil.4NC 60 270 [48]
CoCr LDH 81 340 [78]
Ni-Co-S/Cu 109 363 [79]
C00.13Nig g7Seo/Ti 94 320 [801
MnO,/Ti 241 408 [15]
CoPg/Ti 276 322 [15]
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O, adsorption.

Fig. 8b displays the Tafel plots of all FexNij.x electrocatalysts in
which the current values were normalized by their respective ECSAs.
The electrocatalytic data obtained from Tafel fits for OER are listed in
Table 4. Fe47Nis3 and FeggNigo electrocatalysts possess the best OER
electrocatalytic activity among the others, with Jo@csa) of 5.9 x 1073
and 7.9 7 x 1072 mA cm 2, respectively, indicating the fastest charge
transfer kinetics compared to the others. Although it is rather difficult to
define the OER mechanism using the Tafel slope [76], these results were
obtained in order to compare with other electrocatalysts already studied
in the literature as shown in Table 4. The results show that the FeyNi(; x)
electrocatalysts showed the lowest Tafel slope in some situations, indi-
cating greater efficiency of these coatings for OER in alkaline medium.
Therefore, the FeyNi(;.x) based electrocatalysts prepared in 1ChCl:2U
presented an excellent electrocatalytic performance for both HER and
OER, suggesting that the material has many active sites for both cases.
Furthermore, the stability of the coatings in continuous operation has
been investigated at 50 mA cm 2 for 120 h, as shown in Fig. 8c. Again,
the Fe coating detached from the Cu substrate during continuous oper-
ation for electrochemical water splitting. However, the other coatings
proved to be stable without significant changes in potential values,
which indicates excellent stability for OER. Thus, the remarkable sta-
bility for HER and OER was related to the structural characteristics of
the FeyNi(;.x) coatings as well as excellent adhesion to the Cu substrate,
as already reported by Shujuan Wang et al. [36]. In addition, according
to O’Brien et al. [77], the incorporation of Ni in the alloy structure
provides to the material an improvement in its corrosion resistance in
concentrated alkaline solutions. Such characteristics are fundamental
for the excellent performance of the electrocatalysts used in the elec-
trochemical water splitting, indicating favorable perspectives for
industrial-scale applications.

4. Conclusions

The Fe, Ni, and FexNi(; ) coatings were successfully electrodeposited
on Cu surfaces from a eutectic mixture of choline chloride-urea without
the necessity of add additives. The Mossbauer and XRD analyses
revealed that the Fe-Ni phase was formed only in the coatings FeggNij1,
FegoNiz1, FeyyNiss, and FeggNize. The FeyNi(j.x) coatings were charac-
terized as soft magnetic materials. The electrocatalytic assays demon-
strated that Fe, Ni, and FexNi(;.xy coatings had good electrocatalytic
performance for electrochemical water splitting in 0.5 mol L~ NaOH
solution. Among them, the FeggNis; electrocatalyst displayed the high-
est electrocatalytic performance for HER, while the coatings Fe47Nis3
and FeygNigo presented a significant increase in the electrocatalytic ac-
tivity for OER. Fe coating did not present mechanical stability during gas
evolution in both HER and OER in continuous operation for 120 h with a
current density of 50 mA cm 2. In contrast, all FexNi(;x) and Ni elec-
trocatalysts remained stable during the 120 h of the long-term tests.
Finally, Deep Eutectic Solvents from choline chloride-urea provide a
new strategy for electrodeposition of Fe and Ni electrocatalysts used as
environmentally friendly electroplating solutions.
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