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Developing and designing high-performance and stable NiFe electrodes for efficient hydrogen production
are the greatest challenges in electrochemical water splitting. In this work, NiFe alloys with different Ni and
Fe contents are prepared by a simple electrodeposition method using different molar ratios of Ni/Fe
precursors (Ni/Fe; 1: 3, 1:1 and 3:1). The obtained NiFe electrode with a molar ratio of 3 : 1 exhibited
better electrocatalytic activity for the HER than the other NiFe electrodes with 1: 3 and 1 : 1 molar ratios.
The NiFe (Ni/Fe, 3 : 1) electrode required an overpotential of 133 mV to reach a current density of 10 mA
cm™2, which was much lower than those of NiFe with molar ratio of 1: 3 (220 mV), and 1: 1 (365 mV),
respectively. Tafel slope analyses demonstrated that the HER mechanism of NiFe alloy coatings followed
the Volmer reaction type. The superior electrocatalytic performance of the NiFe alloy for HER depending
on precursor molar ratio of Ni/Fe was attributed to their composition in terms of Ni and Fe content,
structure and surface morphology. Specifically, the electrodeposition of the NiFe alloy was obtained in
a molar ratio Ni/Fe, 3:1, and induced the formation of NiFe layered double hydroxide (LDH) with
a nanosheet-array structure. The high electrocatalytic activity of NiFe LDH (Ni/Fe, 3 : 1) confirmed the

critical influence of Ni and Fe contents in the alloy resulting in an increase the active surface on the
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Accepted 7th October 2022 surfaces, which is most likely explained by the higher surface roughness and the low crystallinity

structure of NiFe nanosheet-array, supported by ECSA measurement, XRD, SEM and AFM analyses. The
DOI: 10.1039/d2ra05922¢ present strategy may open an avenue for developing cost-effective, stable and high-performance

rsc.li/rsc-advances electrocatalysts as advanced electrodes for large-scale water splitting.
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Introduction

Electrocatalytic water splitting has been widely regarded as one
of the most promising approaches for generation of clean
hydrogen, which is considered to be an effective alternative to
fossil fuels for the future energy sustainability."* At present, the
highest efficiency electrocatalysts for water splitting still belong
to the commercial noble metal based materials such as Pt for
the hydrogen evolution reaction (HER) and Ir/Ru oxide mate-
rials for the oxygen evolution reaction (OER)."® However, the
high cost and scarcity of these precious metals largely hinder
their large-scale application.* Therefore, tremendous research
efforts have been focused on the investigation of non-noble
metal alternatives such as nickel alloys,>® transition metal
nitride,” sulfides® and metal oxides.*'® Among various alterna-
tives, nickel-based binary alloys with iron metal (NiFe) have
attracted considerable research attention during the last
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decades because of their numerous interesting properties.'*>
In particular, NiFe layered double hydroxide (NiFe LDH) has
been intensively investigated as electrocatalysts for water
splitting due to their high catalytic activity, characteristic
layered structure, and easily scale preparation.'*'* The NiFe
alloy and NiFe LDH electrodes have been prepared by various
methods, such as magnetron sputtering,” hydrothermal treat-
ment," mechanical alloying’ and electrodeposition tech-
nique.’* Among them, electrodeposition is considered as an
easy and effective technique for preparation of alloy coating
due to genuine reason of its low cost and greater flexibility to
tailor the properties, like composition, phase structures and
morphology of the coatings.>®** The electrodeposition of NiFe
alloys has been studied by several researchers, and it has been
shown that NiFe alloy coating can be varied by controlling the
deposition parameters such as applied potential, ion concen-
tration, pH and bath temperature.”** Luo et al, developed
a simple and versatile electrodeposition method to fabricate
high-efficiency catalysts of NiFe nanosheets film in an equi-
molar metal salt precursor.*® In another study, Kardas et al.,
revealed that the presence of nickel with iron increases the
electrocatalytic activity of the coating for the HER in 1 M KOH
solution when compared to nickel and iron coatings
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individually, and that the HER activity of the coatings depends
on the chemical composition of the composite coatings.”
Additionally, it is well known that the catalytic performances of
electrode depended strongly on the mainstream characteristics
of NiFe electrode such as a large active surface area, electro-
chemical stability, good electrical conductivity, low over-
potential and selectivity.”>*® By changing the composition of
the electrolyte and simple craft adjustment, electrodeposition
has the ability to get the optimized catalyst design with desired
nanoarchitecture and composition, which cater to the trend of
simple strategies to develop new electrode for water splitting.*”
Tedim et al. investigated the effect of Ni/Fe ratio and crystal-
linity on Ni-Fe LDH formation and OER activity.”® From the
results of this investigation, no evidence was found for any
impact of the Ni/Fe ratio in the efficiency of the OER. However,
the impact of the specificity of the atomic arrangement in the
LDH and of its composition on the catalytic efficiency of the
material are still unknown. There are tremendous efforts to
develop this strategy to improve the performance of NiFe
catalysts including properly choosing the optimal ratio,
controlling the size/morphology and understanding the cata-
lytic mechanism, however, the recognition of active sites and
the mechanism of this NiFe catalyst for OER and HER are still
controversial. Furthermore, the existence of metal alloy NiFe/
NiFe LDH and the synergistic effect of Ni and Fe which is
very important has not been fully investigated for HER and
therefore, it would be important to look into their role in
enhancing the HER activities. To highlight the effect of
precursor molar ratio of Ni/Fe and deposition surface compo-
sition, we herein report an effective and facile strategy to
prepare nickel-iron (NiFe) alloy with enhanced surface area
and intrinsically high catalytic activity by controlling the
growth of Ni and Fe deposit. By rationally designing the
composition, morphology, and structural characteristics, the
nickel iron alloy were fabricated in a scalable and low-cost
manner by electrodeposition method. The impacts of
different Ni/Fe molar ratios (Ni:Fe; 1:3, 1:1, 3:1) on the
kinetics of NiFe deposited on copper substrates and the elec-
trocatalytic activity of the developed NiFe for HER were inves-
tigated. Electrochemical measurement of NiFe electrode for
HER in alkaline electrolyte were studied and the structural,
compositional and morphological changes induced by Ni and
Fe incorporation were compared in term of electrocatalytic
activity toward HER. Based on the experimental results, we
found that the catalytic rate of HER catalyzed by NiFe with
molar ratio of 3 : 1 exhibits excellent HER performance with
a low potential of about 133 mV vs. RHE at current density of 10
mA cm 2, a low Tafel slope of 179.19 mV dec™ ' in 1 M KOH. The
remarkable electrocatalytic performance of NiFe could be
attributed to the unique nanosheet-array structures of NiFe
LDH, with the large active surface area ECSA (1140.75 cm?®) and
the surface roughness of NiFe (223.72 nm), leading to the
improved charge transfer kinetics and intrinsic activity of the
NiFe LDH catalyst. These results were further correlated to the
NiFe alloys properties. This therefore provides insights into the
structure-property effect on the catalytic activities for the HER.
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Experimental

Materials and reagents

Nickel(u) sulfate hexahydrate (NiSO,-6H,0) and iron(u) sulfate
heptahydrate (FeSO,-7H,0) were obtained from Biochem Che-
mopharma (Canada). Sodium hydroxide (NaOH) and potassium
hydroxide (KOH) were purchased from VWR. Nitric acid (HNO3,
69%) from Sigma-Aldrich. Double distilled water was used as
a solvent. All the materials were reagent grade and used without
further purification.

Electrodeposition of NiFe electrode

Before the electrodeposition experiments, the copper substrates
(0.5 cm x 0.5 cm) were mechanically wet polished with emery
paper, then cleaned ultrasonically in acetone and ethanol for 15
minutes. Afterward, the copper substrates were washed in
distilled water and activated in 0.5 M HNO; for 30 second at
room temperature. NiFe electrodes were electrochemically
deposited onto the surface of copper sheet using different molar
ratios (Ni:Fe; 1:3, 1:1, 3:1) of NiSO,-6H,O and FeSO,-
-7H,0. The electrodeposition of NiFe thin films were performed
on a electrochemical workstation in a three-electrode cell using
the cleaned Cu substrate as the working electrode, a saturated
Ag/AgCl as the reference electrode and a platinum (Pt) as the
counter electrode. The electrolyte (100 mL) contained both Ni
and Fe precursors by mixing appropriate amounts with equi-
molar ratio of NiSO,-6H,0 (0.15 M) and FeSO,-7H,0 (0.15 M)
in deionized water. Three molar ratios of Ni versus Fe precursors
were investigated (Ni/Fe; 1: 3, 1:1 and 3 : 1).The electrodepo-
sition of NiFe with different molar ratios were performed at an
applied potential of —1.0 V vs. Ag/AgCl, for 10 min at room
temperature, under an inert atmosphere. Finally, the obtained
NiFe electrodes were washed with deionized water and dried in
air.

Material characterization

The as-prepared NiFe alloy catalysts were examined by X-ray
diffraction (XRD) on a Bruker D8 Discover X-ray Diffractom-
eter with a CuKa. beam radiation (40 kv, 40 mA, A = 1.5406 A).
The composition and morphology were studied by field emis-
sion scanning electron microscopy JEOL 7001F with energy-
dispersive X-ray spectroscopy (EDX) at an operating voltage of
15 kv and 5 kV, respectively. The surface morphology, thickness
and roughness were examined by recording Atomic Force
Microscopy (AFM) images with an MFP-3D AFM (Oxford
Instruments Asylum Research) in contact mode with Si canti-
lever. Values of Root Mean Square (RMS) roughness were
calculated from the height values in the atomic force micros-
copy images using the commercial AR software. These
measurements were performed using the peak force tapping
mode on fresh prepared samples.

Electrochemical measurements

Electrochemical measurements of NiFe electrode were con-

ducted in a classical three-electrode configuration cell

© 2022 The Author(s). Published by the Royal Society of Chemistry
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containing 1 M KOH aqueous solution as the electrolyte using
an electrochemical workstation, potentiostat/galvanostat (Bio-
Logic SP-300). The developed NiFe alloy coatings were used as
the working electrode (with a constant geometrical surface of
0.25 cm?). The counter electrode was a large Pt foil, while Ag/
AgCl electrode was used as a reference electrode. All potential
data given in this study were converted and referred to the
reversible hydrogen electrode (RHE) scale by the following
formula:*®

ERHE = EAg/AgCl + 0.059 x pH +0.197 V (1)

HER performance was achieved by linear sweep voltammetry
(LsV) and Tafel measurements in 1 M KOH. The electro-
chemical impedance spectroscopy (EIS) curves were obtained at
frequencies of 100 kHz to 0.1 Hz. All electrochemical charac-
terisation were carried out in alkaline electrolyte (1 M KOH),
which was purged with N, for 15 min prior to the measurements
to remove dissolved oxygen.

Results and discussion
Surface morphology and structural properties of NiFe coating

X-ray diffraction (XRD) was used for the structural character-
ization of the NiFe alloy coating. Here, we analyzed the X-ray
spectra of as-prepared NiFe electrocatalysts obtained by elec-
trodeposition technique in different Ni/Fe electrolyte ratio. The
resulting diffraction patterns are shown in Fig. 1. XRD analysis
represents the diffraction pattern of Cu substrate in which the
peaks at 260 value of 43.28°, 50.40° and 74.81° correspond to
(111), (200) and (220) planes respectively (JCPDS 89-2838).*°
Besides, a strong peak from NiFe coating in different molar
ratios (Ni/Fe) are identified at 43.5°. The range of variation of
the diffraction angle was 43.5° < 26 < 45.5°. The NiFe coating
with a higher content of iron (Fe) shows a broad peak corre-
sponding, in increasing order of 26, to the (011) reflections of
the f.c.c, which is in good agreement with the standard JCPDS

Ni:Fe (1:3)

Ni:Fe (1:1)

Ni:Fe (3:1)

Intensity (a.u.)

T T T T T T T

40 50 60 70 ' 80
20 (degree)

Fig. 1 X-ray diffraction patterns of NiFe alloys deposited at various
molar concentration ratios (Ni/Fe; 1:3,1:1and 3:1).
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data (37-0474) for the NiFe and having cubic crystal structure.*
It was clearly seen that, at the molar ratio of Ni/Fe, 1 : 3, the
reflection peaks became sharper indicating the enhancement of
crystallinity.®* The crystallite size of NiFe were calculated by
Debye-Scherrer formula,®® which shows similar trend of
increasing crystallite size with increase in iron concentration.
The average crystallite size of NiFe samples was 54.86, 114.60
and 168.45 nm for the NiFe deposited at different molar ratios
of Ni/Fe precursors: (3:1), (1:1) and (1 : 3) respectively. The
chemical composition of the electrodeposited NiFe films was
measured using Energy-Dispersive X-ray spectroscopy (EDX)
with the result shown in Fig. 2. Inset of Fig. 2, presents the EDX
quantitative analyses of NiFe both in weight (wt%) and atomic
percentages (at%). According to the Fig. 2, it can be found that
in all samples, coating composition of NiFe alloys obtained
from electrolyte depend significantly on the concentration
molar ratios of Ni and Fe precursors. Quantities of incorporated
Fe in alloys from electrolyte (Ni/Fe, 1 : 3) increased during time
of electrodeposition. The same dependence is observed with
respect to deposited Ni from electrolyte (Ni/Fe, 3 : 1). However,
at equimolar concentration ratio (Ni/Fe, 1 : 1), the amount of
iron in the NiFe alloy increased substantially, which favors its
deposition. In order to examine the effect of precursor
concentration ratio on the morphology of NiFe deposit, a scan-
ning electron microscopy (SEM) technique was used. The
surface morphology of NiFe alloy coatings, deposited in
different concentration of Ni and Fe precursors are shown in
Fig. 3. The SEM images show a significant variation in surface
morphology, indicating that the change in a molar ratio of Ni/Fe
precursor would affect the chemical composition of the coating
films as shown previously in EDX data. It is clear from Fig. 3a
that the surface morphology of NiFe coatings deposited at low
concentrations of Ni, (Ni/Fe, 1:3) presents in the form of
micro-nanocones structure which were similar to those re-
ported in the literature.>*** At an equimolar concentration ratio,
it can be observed that the surface morphology of NiFe (1: 1)
coatings is found to be agglomerate that is distributed homo-
genously over the copper substrate. In contrast, at high Ni
concentrations (Ni/Fe, 3 : 1), the formation of vertically aligned
nanosheet array structures are observed. The nanosheet-array
structures of NiFe coatings can most likely be assigned to
a NiFe layered double hydroxides (NiFe-LDH) and the shape of
this morphology were similar to those NiFe electrocatalyst re-
ported by Wu et al.*® and Tang et al.*” Additionally, it was found
that the nanosheet-array structures of LDH sheets were formed
once the concentration of Ni rose to a very high concentration.
Briefly, the mechanism for the formation of these layered
double hydroxides, is due to the partial replacement of Fe*" by
Ni** jons resulting Ni(OH), which consists of a monolayer of
nanosheets.*® The self-assembly of NiFe double hydroxide layers
were directly deposited on Cu substrate and generated nano-
sheet array.*** For more investigation, the atomic force
microscopy (AFM) is used to investigate the surface roughness
and morphology of the electrodeposited NiFe electrodes.
Accordingly, a three-dimensional AFM image of the NiFe alloy
coatings deposited at different molar ratio have been recorded,
and are shown in Fig. 4. Furthermore, the average surface
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Fig. 2 Energy Dispersive X-ray analysis (EDX) analysis of electrodeposited NiFe alloys: (a) Ni: Fe, 1:3, (b) Ni: Fe, 1:1, (c) Ni: Fe, 3: 1.

»

Fig. 3 SEM images of NiFe alloys deposited at various molar concentration ratios: (a) Ni: Fe, 1: 3, (b) Ni: Fe, 1: 1, (c) Ni: Fe, 3: 1.
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Fig. 4 2D and 3D-AFM images of Ni—Fe alloy coatings deposited at various molar concentration ratios (a) Ni: Fe, 1: 3, (b) Ni: Fe, 1: 1 and (c)

Ni: Fe, 3: 1

roughness for each sample was calculated for a scan area of 40
x 40 pm?* and expressed as the root mean square (rms). The
average surface roughness of NiFe with different molar
concentration ratios are 167.51 nm, 85.12 nm, and 223.72 nm
for Ni/Fe; 1: 3,1 :1 and 3 : 1 respectively. It can be clearly seen
from AFM images that, the morphology and the surface
roughness of the NiFe are different. The analysis of AFM images
revealed that the NiFe thin films prepared with Ni/Fe molar
ratio of 1:1 exhibit the growth of small grains distributed
across the surface of the substrate (Fig. 4b). As can be clearly
seen that the surface roughness values of catalysts depends
strongly on the composition ratio of the NiFe alloys (Fig. 4), due
to the formation of different nanostructure morphology (Fig. 3).
Interestingly, the electrodeposition of NiFe alloy with 1 : 1 and
3 : 1 molar concentration ratio causes an increasing of surface
roughness from 85.12 to 223.72 nm, respectively. This differ-
ence in roughness values confirms that the high ratio of Ni
content has influenced the nucleation and growth mechanism
from the bottom to the surface of NiFe resulting in layered
double hydroxides nanosheet-array formation, which is
confirmed by SEM (Fig. 3c).

Electrochemical characterization

In order to evaluate the electrocatalytic activity of NiFe elec-
trodes (Ni/Fe; 1:3, 1:1 and 3:1) for hydrogen evolution
reaction, the linear sweep voltammetry (LSV) analysis was used
in alkaline solution. LSV curves of different samples are
demonstrated in Fig. 5, where the data were recorded at a scan
rate of 5 mV s ' in 1 M KOH electrolyte. Generally, in the LSV
curves, the overpotential required for delivering current densi-
ties of 10, 20, 40 mA cm ™2 can be considered as a criterion of
electrocatalytic activity. For comparison, it has been observed
that, the overpotentials for the NiFe (Ni/Fe, 3 : 1) are as low as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Linear sweep voltammetry curves of NiFe electrode with

different Ni/Fe molar ratios in 1 M KOH, sweep rate: 5 mV s,

133, 225, and 342 mV, for the cathodic current densities of 10,
20, and 40 mA cm 2, respectively. In contrast, the overpotentials
required to drive the cathodic current densities of 10, 20, and 40
mA cm” are 220, 315, and 424 mV for the NiFe (Ni/Fe, 1 : 3),
and 365, 446, and 552 mV for the NiFe (Ni/Fe, 1 : 1) (Fig. 5). The
lower onset potential and much higher current density
demonstrate that the NiFe (Ni/Fe, 3 : 1) have excellent electro-
catalytic activity towards HER than other electrodes (Ni/Fe, 1 : 3
and 1 :1). Furthermore, the Tafel slopes of NiFe as-prepared
samples are investigated to reveal the mechanism and the
reaction kinetics. The corresponding Tafel plots calculated
according to the LSV polarization curves are shown in Fig. 6.
The linear portions of Tafel plots were fitted to the Tafel
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Fig. 7 The corresponding Tafel plots of different NiFe electrodes for
the HER.

equation: n = a + b log j, where 7 is overpotential, j is the current
density, and b is the Tafel slope.* Evidently, the NiFe (Ni/Fe,
3:1) electrode exhibits a small Tafel slope of 179.19 mV
dec™?, which is much lower than those for the other two NiFe
electrodes 1 : 3 (202.42 mV dec ') and 1 : 1 (314.57 mV dec ).
The low Tafel slope of the NiFe electrode indicates better
hydrogen production kinetics of its surface. Furthermore, it can
be clearly observed from Tafel slope analysis that the HER
activity of the electrocatalysts is mainly determined by the prior
dissociation process through Volmer reaction
pathway.*** To determine the true surface area and to further
investigate the electrochemical activity of the electrode mate-
rials, the electrochemical impedance spectroscopy (EIS)
measurements were performed in a frequency range between
100 kHz and 0.1 Hz in 1 M KOH (Fig. 7). The Nyquist plots show
semicircles for all of the electrocatalysts and were fitted well
with the equivalent circuit composed of series resistance (R;),
charge transfer resistance (R.), and a constant phase element

water
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Table 1 The obtained values of solution resistance (Rs), charge-
transfer resistance (R.), double layer capacitance (Cgy), and electro-
chemical active surface area (ECSA)

NiFe samples  Ry: Rs (Q) Ry Ry (Q)  Cq (mFem™?)  ECSA/cm?
Ni/Fe1:1 1.014 18.14 11.04 276.00
Ni/Fe1:3 1.038 4.412 25.68 642.00
Ni/Fe3:1 1.055 3.487 45.63 1140.75

CPE (inset, Fig. 7). The semicircle observed in the Nyquist plot
of NiFe samples are fitted to simulate the interfacial electro-
chemical double layer (Cq). The R (R;) and R (R,) and Cq
values obtained after fitting the Nyquist plots are summarized
in Table 1.

As can be seen from the results summarized in Table 1, NiFe
with 3 : 1 molar ratio has the lowest charge transfer resistance
than those of NiFe with molar ratio of 1:3 and 1:1 respec-
tively, indicating the highest electronic conductivity, fastest
charge transfer rate and most facile catalytic kinetics of NiFe
(Ni/Fe, 3 : 1) toward HER among all the catalysts. Obviously, in
the high frequency region, the low value of solution resistance
(Rs) represents uncompensated solution resistances, which
were nearly similar for all the NiFe electrodes. Measuring
double layer capacitance (Cq) might be an appropriate
approach to probe the electrochemical active surface area
(ECSA) of different NiFe electrode. Thus, the ECSAs of all of the
NiFe electrodes were calculated from their double-layer capac-
itance (Cq;) using the equation (ECSA = Cq4)/Cs), where Cs is the
specific capacitance and is 0.040 mF cm ™2 in 1 mol L™ ! KOH.***
As shown in Table 1, the ECSA for the NiFe (Ni/Fe, 3 : 1), NiFe
(Ni/Fe, 1 : 3) and NiFe (Ni/Fe, 1 : 1) found to be 1140.75, 642.00
and 276.00 cm?, respectively. The higher ECSA value of NiFe
with a Ni/Fe ratio of 1 : 3 signify better electrochemical activity
and excellent HER kinetics compared with other NiFe elec-
trodes due to a superior number of active sites exposed to
surface reactions.” It is well known that the number of active
surface sites (ECSA) increases with decreasing crystallite size.*
The trend of ECSA (Table 1) is in good agreement with the
electrocatalytic activity results (Fig. 5), indicating that the HER
performance is related to the number of active surface sites
capable of interacting with H intermediate species. Generally,
the HER efficiency of the NiFe (Ni/Fe, 3 : 1) electrode can be
explained by a synergistic combination of the electrocatalytic
components and/or by increasing geometric surface area of the
electrode. It can be seen from EDX analysis in Fig. 2 and 6 that
the Tafel slope value and charge transfer resistance (Table 1) of
the NiFe alloy coatings with molar ration of Ni/Fe,1:1and 1: 3
was reduced with increasing Fe content of the coatings. Solmaz
et al., reported that the HER activity increased with higher iron
contents, which can be related to the synergistic interaction
between iron and nickel.”® Interestingly, although the amount
of iron was lower (31.42 wt%), the electrocatalytic performance
of NiFe with a Ni/Fe molar ratio of 3 : 1 showed highly efficient
electrocatalytic activity toward HER. Thus, the highly improved
HER performance of NiFe (Ni/Fe, 3 : 1) is mainly due to small
crystallite size (54.86 nm), high average surface roughness

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Polarization curves of NiFe with molar ratio of 3 : 1 before and
after 1000 cycles.

(223.72 nm) and large number of exposed active surface sites
(1140.75), which were confirmed by XRD, AFM analysis and
ECSA measurement. In addition, from SEM images of NiFe with
molar ratio of 3 : 1 (Fig. 3c), a typical nanosheet-array structure
is observed, which is assigned to the NiFe layered double
hydroxide nanosheets.* It was found that the NiFe-LDH (Ni/Fe,
3 : 1) exhibits a good electrocatalytic activity with a small onset
overpotential. This result is consistent with previous studies
reported in the literature.**** However, a detailed investigation
and identification of the stoichiometry of the crystalline phase
of NiFe-LDH require more advanced measurements and will be
a subject of further examination. Moreover, the stability of HER
catalysed by the NiFe LDH electrode with molar ratio of 3 : 1 was
conducted by continuous cyclic voltammetry measurement
before and after 1000 cycles in 1 M KOH. As shown in Fig. 8, the
LSV curve obtained after 1000 cycles shifts slightly to higher
overpotentials indicating the high catalyst stability for HER in
the long-term operation. Finally, we believe that the research on
NiFe alloy coating with different molar ratios and their elec-
trocatalytic behavior in alkaline electrolyte will facilitate the
detailed understanding of NiFe based catalysts for use in elec-
trochemical conversion and energy storage.

Conclusion

Ni-Fe alloy coatings were electrodeposited in different molar
ratios of Ni/Fe precursors (Ni/Fe; 1:3,1: 1 and 3 : 1) and their
electrocatalytic activity towards alkaline water splitting for
hydrogen evolution reaction (HER) were investigated. The
resultant NiFe catalyst with molar ratio of 3 : 1 exhibit excellent
electrocatalytic performances toward HER in 1 M KOH, which
requires overpotential of 133 mV for HER to reach 10 mA cm 2,
which is superior to that of NiFe electrode with molar ratio of
1:3and1: 1. As one of the most promising HER catalysts, NiFe
layered double hydroxide (LDH) can be rationally tailored via
tuning the molar ratio of Ni/Fe precursors at 3 : 1 to achieve

© 2022 The Author(s). Published by the Royal Society of Chemistry
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enhanced electrocatalytic performance. Furthermore, the NiFe
LDH nanosheet array electrodes show excellent stability after
1000 cycles without a significant degradation. The improved
electrocatalytic performance of NiFe LDH (Ni/Fe, 3 : 1) can be
attributed to the synergetic effects of the Ni and Fe sites, the
increased surface roughness and high number of active sites,
which are confirmed by structural, morphological analysis and
electrochemical measurement. The above results elucidate not
only the role of the precursor ratio in the electrodeposition
process but also give a new insight into materials design for
electrocatalysis applications.

Conflicts of interest

Authors declare no conflicts of interests.

Acknowledgements

This work is supported by the General Directorate for Scientific
Research and Technological Development (DGRSDT), Algeria.

References

1 Y.Li, Y. Sun, Y. Qin, W. Zhang, L. Wang, M. Luo, H. Yang and
S. Guo, Adv. Energy Mater., 2020, 10, 1903120.

2 G. Zhao, K. Rui, S. X. Dou and W. Sun, Adv. Funct. Mater.,
2018, 28, 1803291.

3 C. Li and ].-B. Baek, ACS Omega, 2020, 5, 31-40.

4 L. Li, P. Wang, Q. Shao and X. Huang, Chem. Soc. Rev., 2020,
49, 3072-3106.

5 S. H. Hong, S. H. Ahn, I. Choi, S. G. Pyo, H. J. Kim, J. H. Jang
and S. K. Kim, Appl. Surf. Sci., 2014, 307, 146-152.

6 S. Tebbakh, L. Mentar, Y. Messaoudi, M. R. Khelladi,
H. Belhadj and A. Azizi, Inorg. Nano-Met. Chem., 2020, 51,
1-7.

7 N. Han, P. Liu, ]. Jiang, L. Ai, Z. Shao and S. Liu, J. Mater.
Chem. A, 2018, 6, 19912-19933.

8 E. Aslan, A. Sarilmaz, F. Ozel, I. H. Patir and H. H. Girault,
ACS Appl. Nano Mater., 2019, 2, 7204-7213.

9 J.Yu, T. A. Le, N. Q. Tran and H. Lee, Chem.-Eur. J., 2020, 26,
6423-6436.

10 H. Belhadj, Y. Messaoudi, M. R. Khelladi and A. Azizi, Int. J.
Hydrogen Energy, 2022, 47, 20129-20137.

11 D. Li, H. Liu and L. Feng, Energy and Fuels, 2020, 34, 13491-
13522.

12 Q. Kang, D. Lai, W. Tang, Q. Lu and F. Gao, Chem. Sci., 2021,
12, 3818-3835

13 C. Wu, H. Li, Z. Xia, X. Zhang, R. Deng, S. Wang and G. Sun,
ACS Catal., 2020, 10, 11127-11135.

14 G. Chen, T. Wang, J. Zhang, P. Liu, H. Sun, X. Zhuang,
M. Chen and X. Feng, Adv. Mater., 2018, 30, 1-7.

15 Y. Luo, Y. Wu, D. Wy, C. Huang, D. Xiao, H. Chen, S. Zheng
and P. K. Chu, ACS Appl. Mater. Interfaces, 2020, 12, 42850~
42858.

16 D. Lim, E. Oh, C. Lim, S. E. Shim and S. H. Baeck, Catal.
Today, 2020, 352, 27-33.

17 M. Gong and H. Dai, Nano Res., 2015, 8, 23-39.

RSC Adv, 2022, 12, 29143-29150 | 29149


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra05922c

Open Access Article. Published on 12 October 2022. Downloaded on 3/15/2026 4:57:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

18 V.  Torabinejad, M. Aliofkhazraei, S. Assareh,
M. H. Allahyarzadeh and A. S. Rouhaghdam, J. Alloys
Compd., 2017, 691, 841-859.

19 W. Zhang, Y. Wu, ]J. Qi, M. Chen and R. Cao, Adv. Energy
Mater., 2017, 7, 1602547.

20 I. Gurrappa and L. Binder, Sci. Technol. Adv. Mater., 2008, 9,
043001.

21 F. C. Walsh, S. Wang and N. Zhou, Curr. Opin. Electrochem.,
2020, 20, 8-19.

22 K. H. Kim, J. Y. Zheng, W. Shin and Y. S. Kang, RSC Adv.,
2012, 2, 4759-4767.

23 T. T. H. Hoang and A. A. Gewirth, ACS Catal., 2016, 6, 1159—
1164.

24 Q. Luo, M. Peng, X. Sun, Y. Luo and A. M. Asiri, Int. J.
Hydrogen Energy, 2016, 41, 8785-8792.

25 R. Solmaz and G. Kardas, Electrochim. Acta, 2009, 54, 3726—
3734.

26 H. S. Jadhav, A. Roy, B. Z. Desalegan and ]J. G. Seo,
Sustainable Energy Fuels, 2019, 4, 312-323.

27 R. Li, Y. Li, P. Yang, D. Wang, H. Xu, B. Wang, F. Meng,
J. Zhang and M. An, J. Energy Chem., 2021, 57, 547-566.

28 M. Wilhelm, A. Bastos, C. Neves, R. Martins and J. Tedim,
Mater. Des., 2021, 212, 110188.

29 H. Ren, Y. Pan, C. C. Sorrell and H. Du, J. Mater. Chem. A,
2020, 8, 3154-3159.

30 Y. Chen, H. Jiang, L. Li, Q. Wang, L. Du, X. Liu and G. Tian,
Int. J. Hydrogen Energy, 2020, 45, 6174-6183.

31 V. V. Kondalkara, X. Lia, S. Yanga and K. Leea, Procedia Eng.,
2016, 168, 675-679.

32 R. Wijitwongwan, S. Intasa-Ard
ChemEngineering, 2019, 3, 1-22.

33 S. Azizi, M. Seifi and M. B. Askari, Phys. B, 2021, 600, 412606.

and M. Ogawa,

29150 | RSC Adv,, 2022, 12, 29143-29150

View Article Online

Paper

34 P. Liu, B. Chen, C. Liang, W. Yao, Y. Cui, S. Hu, P. Zou,
H. Zhang, H. J. Fan and C. Yang, Adv. Mater., 2021, 33, 1-9.

35 G. Barati Darband, M. Aliofkhazraei, S. Hyun, A. Sabour
Rouhaghdam and S. Shanmugam, Nanoscale, 2019, 11,
16621-16634.

36 Z. Wu, Z. Zou, ]J. Huang and F. Gao, ACS Appl. Mater.
Interfaces, 2018, 10, 26283-26292.

37 Y. Tang, Q. Liu, L. Dong, H. Bin Wu and X. Y. Yu, Appl. Catal.,
B, 2020, 266, 118627.

38 M. Li, R. Jijie, A. Barras, P. Roussel, S. Szunerits and
R. Boukherroub, Electrochim. Acta, 2019, 302, 1-9.

39 X.Xue, F. Yu, B. Peng, G. Wang, Y. Lv, L. Chen, Y. Yao, B. Dai,
Y. Shi and X. Guo, Sustainable Energy Fuels, 2019, 3, 237-244.

40 Z. Kang, H. Guo, J. Wu, X. Sun, Z. Zhang, Q. Liao, S. Zhang,
H. Si, P. Wu, L. Wang and Y. Zhang, Adv. Funct. Mater., 2019,
29, 1807031.

41 Z. Qiu, C.-W. Tai, G. A. Niklasson and T. Edvinsson, Energy
Environ. Sci., 2019, 12, 572-581.

42 A. Alobaid, C. Wang and R. A. Adomaitis, J. Electrochem. Soc.,
2018, 165, J3395-]3404.

43 H. Yang, C. Wang, Y. Zhang and Q. Wang, Sci. China Mater.,
2019, 62, 681-689.

44 P. Connor, J. Schuch, B. Kaiser and W. Jaegermann, Z. Phys.
Chem., 2020, 234, 979-994.

45 V. D. Silva, L. S. Ferreira, T. A. Simoes, E. S. Medeiros and
D. A. Macedo, J. Colloid Interface Sci., 2019, 540, 59-65.

46 W. Wu, J. Liu, G. Chen, Y. Chen and C. Xu, Int. J. Hydrogen
Energy, 2020, 45, 1948-1958.

47 X. Zhang, Y. Zhao, Y. Zhao, R. Shi, G. I. N. Waterhouse and
T. Zhang, Adv. Energy Mater., 2019, 9, 1-7.

48 J. Nie, M. Hong, X. Zhang, J. Huang, Q. Meng, C. Du and
J. Chen, Dalton Trans., 2020, 49, 4896-4903.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra05922c

	Rational design of NiFe alloys for efficient electrochemical hydrogen evolution reaction: effects of Ni/Fe molar ratios
	Rational design of NiFe alloys for efficient electrochemical hydrogen evolution reaction: effects of Ni/Fe molar ratios
	Rational design of NiFe alloys for efficient electrochemical hydrogen evolution reaction: effects of Ni/Fe molar ratios
	Rational design of NiFe alloys for efficient electrochemical hydrogen evolution reaction: effects of Ni/Fe molar ratios
	Rational design of NiFe alloys for efficient electrochemical hydrogen evolution reaction: effects of Ni/Fe molar ratios
	Rational design of NiFe alloys for efficient electrochemical hydrogen evolution reaction: effects of Ni/Fe molar ratios
	Rational design of NiFe alloys for efficient electrochemical hydrogen evolution reaction: effects of Ni/Fe molar ratios

	Rational design of NiFe alloys for efficient electrochemical hydrogen evolution reaction: effects of Ni/Fe molar ratios
	Rational design of NiFe alloys for efficient electrochemical hydrogen evolution reaction: effects of Ni/Fe molar ratios
	Rational design of NiFe alloys for efficient electrochemical hydrogen evolution reaction: effects of Ni/Fe molar ratios

	Rational design of NiFe alloys for efficient electrochemical hydrogen evolution reaction: effects of Ni/Fe molar ratios
	Rational design of NiFe alloys for efficient electrochemical hydrogen evolution reaction: effects of Ni/Fe molar ratios
	Rational design of NiFe alloys for efficient electrochemical hydrogen evolution reaction: effects of Ni/Fe molar ratios


