Dalton
Transactions
PAPER

Cite this: Dalton Trans., 2019, 48,
14748

Controllable electrodeposition of binary metal
ﬁlms from deep eutectic solvent as an eﬃcient
and durable catalyst for the oxygen evolution
reaction†
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In this work, we present an easy and scalable electrodeposition protocol that operates in a deep eutectic
solvent, used to prepare self-supported Ni–Fe alloy ﬁlms directly grown on copper foils. Unlike electrodeposition in aqueous baths, alloy compositions deposited in deep eutectic solvent are found to be the
same as in plating solution owing to the enlargement of the deposition window and secondary reaction
suppression. By rationally tuning the Ni/Fe ratio in deep eutectic solvent plating solution, the best oxygen
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evolution reaction performance was achieved by a Ni75Fe25 catalyst, which requires only a 316 mV over-
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potential to reach a current density of 10 mA cm−2, while its Tafel slope is as low as 62 mV dec−1. This
catalyst can operate at 10 mA cm−2 with negligible activity degradation for over 10 h, promising its poten-
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tial use as a low-cost, high-performance and stable electrocatalyst in water splitting devices.

1.

Introduction

Ni–Fe alloys are important materials that have attracted much
attention for energy storage/conversion applications such as
rechargeable metal–air batteries1–3 and electrochemical watersplitting.4,5 The electrodeposition of Ni–Fe alloys from
aqueous baths is widely utilized as the most feasible method
for low-cost mass production, owing to its high metal growth
rate, low cost, and great flexibility, compared with other deposition techniques such as evaporation and sputtering.6,7 The
most common solvent for the electrodeposition of metal is
water, but electrodeposition in aqueous electrolyte does not
always work successfully because water itself is the cause of
diﬃculties encountered during electrodeposition.8 The narrow
electrochemical window is the most common limit. In some
cases, the reduction potential of the metal is so negative that it
coincides with the limit of the electrochemical window on the
cathode side. Then, metal cation reduction occurs in parallel
to the solvent reduction (hydrogen evolution), leading to a loss
in the electrochemical eﬃciency, low-quality deposition and
even hydrogen embrittlement.8,9 These inconveniences lead to
a need for additives (such as fluoroboric acid,10 glycolic acid,11
citric acid,12 D-manitol,13 and ethylenediamine14), which can
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have negative eﬀects on the electrodeposits due to the accumulation of the reduction products of the complexing agents
during electrodeposition.6,15 More importantly, the simultaneous electrodeposition of iron and nickel results in the
phenomenon of anomalous co-deposition, i.e., the reduction
of nickel is inhibited under certain conditions while the deposition of the less noble metal is increased when compared to
its individual deposition rate in a single metal plating
bath.16,17 Therefore, the composition of the electrodeposit
often bears no resemblance to the electrolyte composition in
which it is plated. In addition, the limited solubility of some
metal ions in aqueous solution and water volatility also limits
the choice of water as the solvent.
Alternatively, in the past decade, sustained eﬀorts have
been made to overcome the limitation of the electrodeposition
process in aqueous solution. This has led to the development
of deep eutectic solvents (DES), which are a class of ionic
liquids consisting of a eutectic mixture of quaternary
ammonium salts and a hydrogen bond donor species.18 DES
distinguish themselves from conventional water-based electrolytes in many ways such as (i) they are known as “green solvents”
that have low toxicity and low vapor pressure that do not readily
evaporate and can be used over a wide temperature range.19,20
For instance, ethylene glycol, due to its high boiling point
(197.6 °C), allows electrodeposition to take place at a higher
temperature than water;21 (ii) DES have much wider electrochemical windows than aqueous electrolyte, allowing the deposition of metals with very negative redox potentials;22 (iii) DES
can be aprotic, and thus problems with regards to hydrogen evol-
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ution, which are not usually avoidable in aqueous baths, can be
solved.15 These merits have led to the expectation that ionic
liquids could be used eﬀectively for the electrolytic deposition of
alloys from binary metal ion mixtures that would not be possible
in conventional aqueous electrolytes.
While significant progress has been made in scientific
research on Ni and/or Fe-containing catalysts for the oxygen
evolution reaction (OER) in recent years,23–27 to the best of our
knowledge, there are no published works that discuss controllable Ni–Fe electrodeposition involving DES systems for the
OER. Moreover, it is well-known that the preparation method
has significant eﬀects on the catalyst performance. Therefore,
the motivation of this study was to investigate the feasibility of
using DES for metal electrodeposition and to evaluate its
applicability as an electrocatalyst in water splitting.

2. Materials and methods
2.1.

Electrocatalyst preparation

The DES was prepared by the mixing of choline chloride and
ethylene glycol (Eg) in a molar ratio of 1 : 2 and stirring at
70 °C until a homogeneous liquid was obtained. Metal chloride salts (NiCl2·6H2O and/or FeCl3·6H2O) were added to the
prepared DES and stirred continuously at room temperature to
ensure the dissolution process (details provided in Table S1,
ESI†). Cu foil (0.1 mm, 99.99%) with an exposed area of 1 cm2
was used as the substrate. Before each deposition process, a
surface pretreatment sequence was conducted for the copper
substrate. First, the copper substrate was polished using sandpaper (P2500, 3M) and then degreased using acetone.
Afterwards, the removal of surface impurities was performed
in 3% HCl solution. In order to determine the appropriate
deposition potential, cyclic voltammetry (CV) was carried out
in plating solution at a scan rate of 5 mV s−1 using a Pt disk as
the working electrode. A carbon rod (3 mm in diameter) and
Ag wire/ethaline were used as the counter and reference electrodes, respectively. The use of this kind of pseudo-reference
electrode is attractive because the possible contamination
from the working solution is avoided.28 The potential of Ag
remains constant due to the existence of the Ag/Ag+ couple in
such Cl− ion enriched ionic liquids.29,30

Scheme 1
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The electrodeposition was carried out using an electrochemical workstation (Metrohm, Netherlands) under mild stirring at 60 °C and potentiostatic ( potential control) conditions,
as schematically illustrated in Scheme 1. For all of the deposition experiments, cathodic potentiostatic deposition was used,
and −0.9 V was applied to pass a charge density of 3 C cm−2,
which took approximately 20 min. The concentration of Ni and
Fe salts in the DES solution was also systematically tuned and a
series of catalyst electrodes were obtained. Electrode samples
with a molar ratio of Ni : Fe = 25 : 75 (total concentration of
0.2 M) in the deposition were labeled as Ni25Fe75, while other
samples were named in the same format. After deposition, the
catalyst film was rinsed with acetone and dried.
2.2.

Materials characterization and electrochemical studies

Scanning electron microscopy (SEM) (JEOL JSM-6500F) at an
accelerating voltage of 15 kV was carried out to examine the
morphology of the electrodeposited samples. Both energy-dispersive X-ray spectroscopy (EDS) and inductively coupled
plasma atomic emission spectrometry (ICP-AES, JY2000 Jobin
Yvon) were performed to determine the chemical compositions
of the Ni–Fe catalysts. Powder X-ray diﬀraction measurements
were conducted using a D2 Bruker diﬀractometer at 30 kV
voltage at increments of 0.1° per second. The chemical valences
of the catalyst surfaces were studied by X-ray photoelectron spectroscopy (XPS) (VG Scientific ESCALAB 250). The recording of
the UV-vis absorption spectra in the range of 200–800 nm was
performed using a double-beam UV-Vis spectrophotometer
(V670, Jasco). Two matched quartz cells of 1 cm optical path
lengths were used, one for the sample solution and the other for
the reference solution, i.e. the DES. Raman measurements were
performed on a confocal Raman microscope system (MRID,
Protrustech, Taiwan) with 532 laser as the excitation source.
The electrochemical performance of the catalysts towards
the OER was evaluated in a standard three-electrode system
connected to a potentiostat (Autolab, PGSTAT302N). As-prepared catalyst films, Pt mesh (2.5 cm × 2.5 cm) and Ag/AgCl (in
3 M KCl) were used as the working, counter and reference electrodes, respectively. CV measurements were carried out from
0.1 to 1.1 V vs. Ag/AgCl for 5 cycles at a scan rate of 10 mV s−1
before linear sweep voltammetry (LSV) measurements were
carried out. Electrochemical impedance spectroscopy (EIS) was

Schematic illustration of the electrodeposition of Ni–Fe ﬁlms in deep eutectic solvent.
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conducted at an overpotential of 300 mV in the frequency
range of 100 kHz to 0.1 Hz with a 10 mV sinusoidal amplitude.
The polarization curves were corrected with ohmic drop compensation. All of the potentials in the OER study were converted to the reversible hydrogen electrode (RHE).

3. Results and discussion
At first, to obtain qualitative information on the possible
species that exist in the electrolytes, UV-Vis spectra of the
plating solution containing the single components and their
mixtures in DES were recorded, as presented in Fig. 1. The
spectrum for NiCl2·6H2O dissolved in DES presents three sets
of absorption bands centered at 419, 690 and 765 nm, which
corroborates a previously reported study.31 The most intense
absorption band at 419 nm can be attributed to the 3A2g(F) →
3
T1g (P) transition of the octahedral Ni2+ ion.32,33 The absorptions in the 690–765 nm region have recently been reported to
be due to the presence of a [Ni(Eg)3]2+ complex.34,35 The positions of absorption peaks in the 600–850 nm region remained
invariable when the content of Ni2+ changed, whereas the absorbance became less pronounced with decreasing Ni content. It is
also worth noting that there was also redshift of light absorption with an increase in the Fe content, which corresponds to a
color change from pale green to orange (see the inset in Fig. 1).
Before doing the electrodeposition, knowing the electrochemical operating window of DES, which is an indicator of
the evaluation of the stability of the plating solution, is important and is shown in Fig. S1.† As can be seen, the electrochemical window of pure DES is around −1.0 to 1.2 V vs. the
Ag quasi-reference (hereinafter referred to as Ag). Within this
potential range, no reaction was observed. Applying a more
negative potential might cause the decomposition of both DES
(reduction of Ch+ in chlorine chloride)36,37 and water present
in the solution (due to the hygroscopic nature of DES). On the

Fig. 1 UV-vis spectra measured at room temperature for liquid mixtures containing DES and Ni/Fe in various ratios.
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Fig. 2 Cyclic voltammetry of Ni, Ni75Fe25, Ni50Fe50, Ni25Fe75, and Fe in
DES on Cu substrate, recorded from open circuit potential to −1.2 V vs.
Ag at a 5 mV s−1 scan rate at 60 °C.

other hand, the anodic limit was observed at 1.0 V vs. Ag
where the oxygen evolution reaction started at the working
electrode. Afterwards, a series of cyclic voltammetry measurements in DES containing Ni and Fe salts were conducted from
the open circuit potential (OCP) to −1.2 V vs. Ag. As shown in
Fig. 2, the OCP shifted positively from −0.4 V vs. Ag for DES
containing Ni salt only and increased gradually to −0.25 V vs.
Ag for Fe salt only. The recorded voltammogram for Ni shows
that the onset potential for reduction of Ni2+ to Ni0 began at
−0.65 V vs. Ag. A second reduction process occurred at around
−1.0 V vs. Ag, either corresponding to the electrolysis of the coordinated water or breaking down of the electrolyte, as
bubbles were observed at the cathode. In the anodic scan, no
oxidation peak was observed, suggesting that the stripping of
Ni requires a higher positive potential. On the other hand, the
voltammogram for Fe shows two clear reduction waves. The
first one appeared at −0.25 V vs. Ag, which is attributed to the
reduction of Fe3+ to Fe2+ and the second one appeared at
around −0.9 V vs. Ag where the reduction of metallic Fe
occurred. At a potential more negative than −1.1 V vs. Ag, the
generation of bubbles was noticed. During the anodic sweep,
the wave appeared at around −0.5 V vs. Ag, representing the
oxidation of Fe0 to Fe2+ and consecutively Fe2+ to Fe3+. While
mixing Ni and Fe salts together in the DES plating solution,
the recorded CV presented a negative shift in the onset potential for the reduction of Ni compared with that of Ni salts only.
During the anodic sweep, the anodic current for the oxidation
from Fe0 to Fe2+ showed a positive shift with an increase in Ni
salt in the DES plating solution compared with that of the
plating solution containing Fe salt only. It should also be
noted that the onset reduction potential in DES for Ni
(−0.65 V vs. Ag) and for Fe (−0.9 V vs. Ag) were close to each
other. This strongly indicates that Ni–Fe co-deposition can be
easily achieved from DES without adding a complex agent,
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which is indispensable in an aqueous plating solution.38
Based on these results, a potential of −0.9 V vs. Ag was selected
for the electrodeposition of Ni–Fe alloys, which allows both
metals to be deposited and prevents the breakdown of the DES
and/or bubble formation.
Fig. 3 shows the SEM images of the electrodeposited films.
It is clear that various morphologies for the Ni and Fe films
were observed. The Ni film showed nodular grown deposits
with a size of 100–200 nm, while the Fe film showed submicron scale particles. Furthermore, comparing the surface
morphology of the three diﬀerent composition Ni–Fe alloys,
the films with a high Fe content showed a slightly more submicron scale particle-like structure, which might be due to the
instantaneous nucleation of iron electrodeposition.39,40 A
typical cross-sectional image of a Ni–Fe film obtained on a Cu
substrate in DES is shown in Fig. S2.† It is clear that the Ni–Fe
layer deposited from DES was uniformly dense with a thickness of approximately 10–12 μm.
Table 1 summarizes the concentration of Ni and Fe in the
DES plating solution and the actual content in the resultant
films analyzed by EDS and ICP-AES. It is evident that the com-

Fig. 3
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Table 1 Composition of the electrodeposited Ni–Fe ﬁlms obtained
from electrodeposition in DES determined by EDS and ICP-AES

Film composition by
EDS

Film composition by
ICP-AES

Ni/Fe ratio in DES

Ni (%)

Fe (%)

Ni (%)

Fe (%)

75 : 25
50 : 50
25 : 75

74 ± 1.9
51 ± 2.1
27 ± 1.4

26 ± 1.9
49 ± 2.1
73 ± 1.4

73 ± 0.6
46 ± 2.2
23 ± 0.4

27 ± 0.6
54 ± 2.2
77 ± 0.4

positions of the Ni–Fe films were close to the metal–cation ratio
in the plating solution, which is similar to in previously reported
results.41 It is further confirmation that the composition of a Ni–
Fe alloy deposited in a DES solution was directly proportional to
the metal concentration in the plating solution owing to the
wider electrochemical window and absence of hydrogen evolution in the DES. Subsequently, the in situ formation/precipitation of iron hydroxide on the electrode surface and competitive
adsorption42–44 can be avoided and thus a non-anomalous codeposition of Ni–Fe alloys was achieved.16

SEM images of various Ni–Fe ﬁlms electrodeposited in deep eutectic solvent.

This journal is © The Royal Society of Chemistry 2019

Dalton Trans., 2019, 48, 14748–14757 | 14751

Paper

X-ray diﬀraction (XRD) measurements were performed to
investigate the crystal structures of the electrodeposited Ni–Fe
films in various deposit compositions. Fig. 4 shows a series of
XRD patterns of scratched powders from Ni, Fe and Ni–Fe
alloy film samples electrodeposited from DES solutions. The
Ni showed a diﬀraction pattern at (111), (200), and (220),
which indexes to face-centered cubic (fcc) Ni metal. The Fe
sample showed peaks for both body-centered cubic (bcc) metallic
iron and iron oxide.45 The XRD patterns of the Ni–Fe alloy
samples showed characteristic diﬀraction peaks that match fcc
Ni and a bulk NiFe alloy phase. Notably, the diﬀraction line at
(111) shifted to higher 2θ angles as a consequence of decreased
d-spacing when a higher percentage of iron was accommodated in the unit cell.46 The variation in the d-spacings and
lattice parameters (a) for the Ni–Fe films with diﬀerent percentage of added iron were also calculated and are tabulated in
Table S2.† The lattice parameters showed an increasing trend

Fig. 4 Powder XRD patterns (a) and Raman spectra (b) of Ni, Fe and
Ni–Fe samples obtained from electrodeposition in DES at T = 60 °C
under a constant potential of −0.9 V vs. Ag.
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when more Fe was inserted into the lattice, owing to the larger
atomic radius of Fe compared to that of Ni.46 However, upon a
further increase in the Fe content from 50% to 75% for
Ni25Fe75, its lattice parameter slightly decreased from 3.585 to
3.521 Å, which can be attributed to the phase transformation
from fcc to bcc. This typical phase transition was also observed
by Dijith and co-workers when about 80% Fe was present in an
alloy.46 To gain further information on the structures of
various Ni–Fe films, Raman spectroscopy was performed on
each sample in order to verify the possible materials formed
on the surface of the metals. Fig. 4(b) shows the compositiondependent Raman frequencies of the Ni–Fe films. For the Ni
only sample, it was inferred that the peaks at around 385 to
560 cm−1 are due to the stretching vibrations of Ni–O,47 which
consist predominantly of NiO and a small amount of Ni(OH)2
on the surface of pure nickel. The broad peak at 450–472 cm−1
indicates the bending vibration of Ni(OH)2, while the peak at
around 497 cm−1 originates from NiO.47,48 Raman spectra of
the Ni–Fe films show that the Ni–O environment was modified
by Fe incorporation, in which broader peaks with higher
degrees of disorder were observed.5,24 Regarding the Fe only
film, a broad peak can be attributed to the existence of Febased oxides, possibly Fe2O3 and/or Fe3O4. The above information suggests that the surface of metallic films might in situ
transform into metal oxides or hydroxides when they were
exposed to an environment containing O2 and moisture.49,50
XPS was further employed to gain more insight into the
surface composition. Fig. 5 shows the XPS data of the Ni–Fe
films, where the core level spectra of Ni and Fe 2p are presented. The peak centered at about 853.4 eV corresponds to
metallic Ni in the alloy. The peaks centered at 855.7 and 858.6
eV can be attributed to Ni2+/Ni3+ species. The peaks located at
710.1 and 712.5 eV in the Fe 2p spectra can be assigned to
Fe3+. Given that the surfaces of the Ni–Fe films may be easily
oxidized in ambient air and that the surface compositions of
these alloys may be unintentionally modified, the Ni–Fe film
was therefore slightly sputtered to remove a few superficial
monolayers by Ar+ ion bombardment. The resulting chemicalstate composition for the typical Ni75Fe25 film is shown in
Fig. S3.† The appearance of metallic Fe0 peaks at 706.6 eV
together with an increase in Ni0 (835.4 eV) after surface cleaning, suggests that only the top surface layer of the alloy was oxidized when it was exposed to the environment containing O2
and moisture.49,50
After structural analysis, the Ni–Fe films prepared by electrodeposition in DES were assessed to determine whether or
not they could be used as potential OER electrocatalysts. Five
selected NixFe100−x (x = 0, 25, 50, 75 and 100) electrodes were
used as the working electrode and LSV measurements were
conducted in 0.1 M KOH. Continuous CV measurements were
performed until a stable CV was observed before LSV measurements were conducted. The corresponding LSV curves are
shown in Fig. 6. In 0.1 M KOH electrolyte, all of the samples
exhibited significant diﬀerences in both the characteristic
redox peaks and OER activity. The electrodeposited Ni sample
displayed redox peaks at ∼1.38 V during the anodic scans,
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Ni 2p (a1–a3) and Fe 2p (b1–b3) XPS spectra of mixed Ni–Fe ﬁlms electrodeposited in DES of the various catalyst compositions.

Fig. 6 Electrochemical characterization for the OER of mixed Ni–Fe
ﬁlms electrodeposited in DES with various catalyst compositions.

which can be attributed to the oxidation of Ni2+ to Ni3+ due to
the formation of nickel hydroxide/oxyhydroxide on the metal
surface in alkaline electrolyte.51 Meanwhile, the Fe film
showed no observable redox features and remained nominally
Fe3+, in line with a previous report.24 For the Ni–Fe bimetallic
catalysts, their corresponding voltammograms diﬀer noticeably according to their Ni(OH)2/NiOOH redox characteristics.
As a higher amount of Fe was incorporated, the Ni(OH)2/
NiOOH oxidation peaks shifted positively to higher potentials
and the redox peak areas decreased simultaneously.24,52 At an

This journal is © The Royal Society of Chemistry 2019

Fe content of 50%, the surface interconversion peak became
less pronounced and even overlapped with the rapidly increasing OER current. The positive shift in the surface interconversion peaks indicates a strong electronic interaction between Ni
and Fe due to the electron pull eﬀect of Fe and that the electrocatalytic activity of Ni has been modified by the co-deposition
of Fe into the Ni deposit. There have been similar phenomena
reported for Ni–Fe layered double hydroxides,53 Ni–Fe oxides,54
Co–Fe oxides55 or Co–Fe oxyhydroxides.56 However, the OER
activity of the Ni–Fe catalysts was not monotonically enhanced
with increasing Fe content. The Ni75Fe25 sample exhibited the
highest OER activity among the films produced here, giving an
OER current density of 10 mA cm−2 with an overpotential of
316 mV, compared to 417 mV for the monometallic Ni catalyst.
The OER activity decreased when the Fe content was greater or
equal to 50%. For instance, the OER overpotential on Ni25Fe75
at 10 mA cm−2 increased to 361 mV. This activity drop is likely
due to the decrease in the number of Ni active sites on the
catalyst surface with the addition of more Fe.24,51,52,57 These
results are supported by a recent literature study, which
reported that for a Ni-rich composition, the optimal Fe content
varies from 10% to 50%.52 Moreover, a blank LSV test on Cu
foil (without catalyst deposition) was performed under the
same experimental conditions to investigate the eﬀect of the
Cu foil substrate on the OER activity. In the overpotential
region of <470 mV, a very low current density was observed.
Thus, Ni–Fe bimetallic contributes to the high OER performance achieved on the reported Ni75Fe25 catalysts rather than
the Cu foil substrate.
Besides the overpotential at a fixed current density, the
Tafel slope is generally considered as another key parameter
by which to evaluate the properties of an OER catalyst.
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Fig. 7 (a) Tafel plots, (b) electrochemical impedance spectroscopy at an overpotential of 300 mV for OER, (c) chronopotentiometry at 10 mA cm−2
for 10 h and (d) the ﬁgures of merit for the OER.

Therefore, to gain further information into the OER kinetics,
Tafel slopes derived from the corresponding polarization
curves were constructed and are presented in Fig. 7(a). In practice, a smaller Tafel slope is preferred, which indicates a faster
increase in the catalytic current with a smaller increment in
the overpotential.58 As shown in Fig. 7(a), the calculated Tafel
slope for the Ni sample was 137 mV dec−1, whereas the Fe
deposit showed a Tafel slope at around 40 mV dec−1, indicating
that the Fe sample requires less of an overpotential to increase
the OER rate by an order in magnitude than the Ni electrodeposited film. The Tafel slope value for the Ni50Fe50 alloy was
58 mV dec−1, lower than the 62 and 137 mV dec−1 values
observed for Ni75Fe25 and Ni, respectively. The smaller Tafel
slope indicates that the incorporation of an appropriate
amount of Fe into Ni-based materials can adjust the catalytic
activity properties by tuning of the intrinsic kinetics.59
However, it should be noted that Fe-rich films required a
higher onset potential for the OER. To further understand the
reasons underlying the excellent OER activity of the Ni–Fe
films, we compared the electrochemical surface areas of the
various electrodes, which were estimated from their doublelayer capacitance (Cdl ). As shown in Fig. S4,† despite the
Ni25Fe75 and Fe samples displaying a nearly 4-fold increase in
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the surface area, they did not show the highest OER performance, indicating that the surface area diﬀerence caused by
their diﬀerent morphologies did not play a critical role in this
study.
EIS measurements were conducted at an overpotential of
300 mV to study the charge transfer kinetics of the samples.
The corresponding Nyquist plots were then obtained by fitting
the impedance spectra with an equivalent Randles circuit
model, showing the solution resistance (Rs), charge transfer resistance (Rct), and a constant-phase element (CPE). These parameters are summarized in Table S3.† Rs was used for ohmic
drop correction, Rct, which is represented quantitatively by the
diameter of the semicircle formed in the Nyquist plot, is
related to the kinetics of the OER. The smaller the diameter,
the faster the kinetics for the electron transfer process at the
electrode and electrolyte interface. As shown in Fig. 7(b), there
is no semicircle for pure Ni and Fe films, indicating that no
obvious faradic process occurs at an applied overpotential of
300 mV during EIS analysis. This is in line with the LSV, where
it can be noticed that the OER did not occur at the mentioned
overpotential. The Ni75Fe25, Ni50Fe50, and Ni25Fe75 films each
showed a semicircle, indicating that a faradic process occurs
corresponding to the OER. The respective values of the charge

This journal is © The Royal Society of Chemistry 2019
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transfer resistance Rct are 8, 37 and 51 Ω, respectively. This
variation in the tendency of the Rct values is consistent with
the OER performance, where the current density is higher for
Ni75Fe25 followed by Ni50Fe50 and Ni25Fe75 at a 300 mV overpotential. This clearly shows that the Ni75Fe25 sample had a more
favorable environment for charge transfer. As a result, the OER
was easier due to the reduced charge transfer barrier. The
synergistic eﬀect between Ni and Fe led to a decrease in Rct
and an acceleration in the charge transport.
The long-term stabilities of the samples obtained from electrodeposition in DES were also tested at a constant current
density of 10 mA cm−2 (Fig. 7c) and their performances were
evaluated based on a standardized protocol60 (Fig. 7d). In the
case of the monometallic Ni or Fe films, the potentials
required to remain at 10 mA cm−2 increased by 90 mV over the
course of 10 h, indicating satisfactory stability for the OER.
The increase in the overpotential can also be attributed to the
formation of oxides that are less conductive. A similar trend
was found for Ni25Fe75. Interestingly, the Ni75Fe25 and Ni50Fe50
hybrid films showed excellent stability. Even after 10 h of continuous OER, the potential increased by only about 40 mV. On
the other hand, it is believed that some of the total potential
increase is due to oxygen bubbles blocking the electrode
surface. The Ni–Fe hybrid electrodes are therefore highly active
and stable OER electrocatalysts.
Table 2 presents a comparison of the kinetics parameters
and catalyst performances for the nickel- and iron-containing
materials reported so far. Interestingly, the Ni–Fe hybrid films
electrodeposited from deep eutectic solvent exhibit competitive catalytic activity compared with many of the newly
reported (Ni, Fe)-containing catalysts, especially when taking
into account industrial scale-up issues,57,64–66 highlighting
their potential use as low-cost, high-performance and stable
oxygen evolution catalysts in water splitting devices. For

Table 2

instance, Fominykh et al. have reported the synthesis of
FexNi1−xO nanoparticles at relatively high temperatures of
205 °C for 20–30 h using a solvothermal method.57 Song and
Hu presented the synthesis of a Ni–Fe-based catalyst using the
hydrothermal method at 150 °C for two days followed by 24 h
of exfoliation.64 Zhang et al. reported a procedure to fabricate
Ni–Fe hybrid electrocatalysts by pyrolysis of metal salts that
requires a temperature of as high as 700 °C under inert atmosphere.65 Such procedures usually require either special equipment, a high processing temperature or complicated and timeconsuming synthesis procedures, thus creating scale-up
diﬃculties.
It is noted that Ni/Fe-containing alloys very likely transform
into their (oxy)hydroxides, which are generally recognized as
an active water oxidation site for water splitting. XPS was therefore employed to gain further insights into the surface chemical composition of the nickel-rich alloys before and after
running the OER for 10 h. Fig. S5 and S6† show the XPS data
of the Ni–Fe alloys, where the core levels of Ni 2p and Fe 2p
are presented. The doublet at 853.1/870.5 eV can be ascribed
to Ni0, representing the metallic Ni in the alloy. The peaks
located at around 855.8 and 858.1 eV can be assigned to Ni2+
and Ni3+, respectively, while an additional peak at 862.1 eV
corresponds to a shake-up satellite characteristic of nickel
oxide/hydroxide. Fig. S5† shows the reduction in the amount
of metallic Ni and the increase in the quantity of higher
valence species due to the oxidation of the metallic nickel after
the OER. For the Fe element, although it is hard to accurately
identify the iron phases present due to the similarities in their
binding energies and spectral peaks, the presence of peaks
located at around 710.8 and 714.9 eV and the absence of a
metallic Fe characteristic peak (706.5 eV) indicates that iron is
predominantly in the Fe3+ state after the OER (Fig. S6†). As
shown in Fig. S7,† there were three peaks located at 529.8,

Comparison of the electrocatalytic performance for various catalysts containing Ni and Fe

Catalyst/substrate

Synthesis method

Tafel slope (mV dec−1)

η (mV)

Stability testa

Reference

Ni75Fe25/Cu foil
Ni50Fe50/Cu foil
Ni25Fe75/Cu foil
Fe0.5Ni0.5Ox
NiFeO/GC
NiFe/Au
Fe0.9Ni0. 1O/Au
NiFe/NF
NiFe LDH/NF
NiFe/Au
NiFe(OH)2/Ni foil
Ni0.9Fe0.1/GC
Ni50Fe50/GC
NiFe/GC
Ni2Fe/rGO
FeNi4.34@FeNi-foil
NiFe/CNx
NiFeOH/NF

Electrodeposition in DES

62
58
44
72
42
58
37
33
40
42
33
45
31
41
—
53
59
55

316
321
361
584
328
330
297
245
310
330
—
330
290
320
285
283
360
342

30 mV increment over 10 h
20 mV increment over 10 h
∼90 mV increment over 10 h
—
Stable over 12 h
—
∼30 mV increment over 10 h
Stable over 10 h @25 mA cm−2
∼25 mV increment over 10 h
—
Stable over 10 days @1 A cm−2
Stable over 24 h
Stable over 12 h
76% over 10 h
40 mV increment over 10 h
1000 potential cycle
—
10 mV increment over 10 h

This study

Solvothermal
Coprecipitation
Electrodeposition
Solvothermal
Electrodeposition
Hydrothermal
Electrodeposition
Electrodeposition
Pyrolysis
Sonochemical
Coprecipitation
Hydrothermal
Calcination
Calcination
Impregnation

61
62
63
57
23
64
24
25
65
66
67
50
27
68
26

At a constant current density of 10 mA cm−2 unless otherwise stated; η: overpotential required for 10 mA cm−2; NF: nickel foam; GC: graphitic
carbon; LDH: layered double hydroxide.
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531.7 and 532.8 eV, which can be assigned to lattice oxygen,
substituted hydroxyl groups and surface physi-/chemisorbed
H2O, respectively. The relative ratios of the OH−/O2− peaks
increased after OER, proving the formation of (oxy)hydroxides
on the surfaces of the films.

4.

Conclusions

In summary, self-supported Ni–Fe hybrid films grown on Cu
foils were successfully fabricated via a facile potentiostatic
electrodeposition route in deep eutectic solvent. Owing to the
wide operating window and compression of the redox potential
in deep eutectic solvent, the deposited Ni–Fe films have the
same composition as the plating solution. By tuning the Ni/Fe
ion ratio in the DES plating solution, the Ni75Fe25 hybrid film
shows the best OER performance, reaching 10 mA cm−2 at a
low overpotential of 316 mV and maintaining its durability for
10 h. We believe that this facile one-step and scalable fabrication process in DES can be extended to fabricate other transitional metal-based materials for energy conversion and storage
applications.
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