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A B S T R A C T   

The shift towards renewable energies has promoted research into electrolysis for the obtention of pure hydrogen 
since this is a promising energy vector. However, electrolysis is limited due to its low efficiency. In this work, a 
novel NiFeP/Zn coating electrodeposited on AISI 304 steel is proposed as a bifunctional catalytic electrode for 
electrochemical water splitting. The leaching of Zn from the coating allows the formation of a diversified surface 
morphology of the electrode, obtaining an active area 1164 times greater than that of a NiFeP coating. The 
leaching process also allows the formation of Ni oxides, hydroxides and oxyhydroxides, which are beneficial 
catalytic compounds for the reactions of interest. XRD characterization indicates the presence of an amorphous 
structure of the coating due to the presence of P, which provides better catalytic performance for the hydrogen 
evolution reaction (HER) and oxygen evolution reaction (OER), as well as better corrosion behavior of the 
electrodes. The electrocatalytic performance of the coating shows overpotentials of 163 mV for HER, and 262 mV 
for OER in 1 M NaOH at |10| mAcm− 2. The full cell test using the NiFeP/Zn coating as bifunctional electrode 
shows a remarkably low overpotential equal to 1.65 V at 10 mA cm− 2 for overall water splitting.   

1. Introduction 

The environmental impact and health issues generated by the 
increasing amounts of pollutants and gasses such as CO, CO2, NOX, SO2, 
etc. produced by the use of fossil fuels, had led to a growing interest in 
the research and development of clean energies sources [1]. However, 
renewable sources of energy such as wind and solar present an inter-
mittent nature, making storage a necessity to provide constant energy. 
In this respect, hydrogen has some interesting characteristics for use as 
an energy vector and to store energy, including good energetic density 
by mass and the fact that only water is produced as a result of its com-
bustion, making it suitable for the necessary transition [2,3]. Hydrogen 
can be used not only for energy purposes, it is also very important for the 
decarbonization of big industries such as steel and fertilizer production 
[4–6]. Hydrogen can be obtained through water electrolysis, which is a 
process used to transform electricity in hydrogen using the splitting of 
the water molecule to obtain oxygen and hydrogen gasses according to 
the reaction 2H2O → 2H2 + O2. Electrolysis in alkaline media is cheaper 
than in an acid media because it is not necessary to use scarce materials 
such as Pt, Ru, or Ir. Nevertheless, to enable the proliferation of elec-
trolysis for hydrogen production by allowing it to compete with other 

clean and more industrially-established storage systems such as 
ion-lithium batteries, it is necessary to address two issues: ohmic losses 
in the process and the reduction of the cost of materials used in elec-
trolysis [7–9]. 

The development of novel materials through surface modification of 
the electrodes used in electrolysis aims to solve the two drawbacks 
mentioned above, because the use of an electrocatalyst coating makes it 
possible to obtain greater reaction efficiencies by improving electrolyte- 
electrode interactions [10], and to obtain materials with good corrosion 
performance [11,12]. To achieve this, it is necessary to find materials 
that can reduced the overpotentials associated with the hydrogen evo-
lution reaction (HER) and the oxygen evolution reaction (OER) and 
facilitate good coating stability for long periods. Different materials 
have been studied and analyzed in order to understand these in-
teractions, but the most commonly-used materials are nickel-based al-
loys, due to their great catalytic properties associated with the formation 
of oxides, hydroxides and oxyhydroxides on the surface in alkaline pH 
[13]. Among these nickel-based alloys, NiFe are widely used for tribo-
logical, corrosive and catalytic improvement of different substrates [11, 
14–16]. The inclusion of phosphorus in these alloys to form a ternary 
NiFeP system has been investigated by methods such as electroless 
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plating [13], hydrothermal deposition [17–19] and electrodeposition 
[20–23]. With the addition of P in the electrochemical bath, it is possible 
to reduce the anomalous deposition presented in NiFe alloys electro-
deposition and promote the growth of an amorphous structure within 
the coating, which helps improve the corrosion resistance and the cat-
alytic properties of the deposit [14]. Meanwhile, the inclusion of zinc in 
the coating, to form a ternary NiFeZn system, has allowed enhancement 
of the catalytic properties through the generation of high surface area 
materials, due to cracks and pores formed in the process of zinc leaching, 
increasing the contact zone of the surface and improving the interactions 
of the electrode with the electrolyte [14,24–26]. 

Some authors have worked with techniques that seek to improve the 
results of nickel-based coatings by simplifying the obtention process and 
varying the architecture of the electrode. Some techniques involved the 
use of flat electrodes to obtain inexpensive catalysts, and others the use 
of meshes and foams to obtain 3D catalysts and create a greater surface 
area. Previously, there was a focus on developing just one of the water 
splitting reactions. For example, Roy et al. worked on water oxidation 
(OER) with an electrodeposited NiFeOxHy system that required just 
~290 mV to achieve 10 mA cm− 2 [27]. An enhanced system doped with 
Zn to form Zn:NiFeOxHy was developed by Lim et al., reaching values of 
~250 mV at 10 mAcm− 2 for the same reaction [28]. Meanwhile, for the 
hydrogen evolution reaction, Bachvarov and co-workers electro-
deposited amorphous systems of NiFeCo, with 120 mV at 10 mA cm− 2, 
and NiFeCoP, with 78 mV at 10 mAcm− 2, achieving an important 
reduction in the kinetics of HER in comparison to an Ni electrode [29]. 
Yang et al. used Ni foam substrate to obtain a NiCoP coating that 
resulted in a low overpotential of approximately 107 mV for HER at 10 
mAcm− 2 in a KOH system [30]. An NiCo/Zn electrodeposited system 
that was leached to remove part of the Zn was developed by 
Herraiz-Cardona et al., which resulted in an enhancement related to the 
greater surface area, obtaining 119.6 mV at 100 mAcm− 2 [26]. 
Currently there is an increasing interest in developing materials that 
have good performance for both reactions, thereby making scalable the 
process of the catalysts’ deposition. For example, Sankaran et al. 
developed a bifunctional Ni+YSZ catalyst with overpotentials of 131 mV 
for HER and 331 mV for OER at |10| mAcm− 2, using the atmospheric 
plasma spray (APS) technique and modifying the deposition with an 
aluminum mesh to obtain greater surface area [31]. Other examples, but 
using hydrothermal deposition, are Ramakrishnan et al., who developed 
an interesting NiSe2 catalyst on nickel foams to obtain 175 mV at |10| 
mAcm− 2 for HER and 325 mV at |50| mAcm− 2 for OER [32]; and Diao 
et al., who obtained a NiFeP/NiP/NF system, achieving overpotentials of 
105 mV for HER and 227 mV for OER at |10| mAcm− 2 [17]. Some of the 
previous results obtained with meshes and foams are significantly cat-
alytic, but analysis of these systems is very difficult, because it is not 
possible to fully identify and isolate the individual contributions pro-
vided by the reactions on the catalyst and on the substrate [33]. 

Based on the previous considerations, and with the intention of 
obtaining electrocatalytic surfaces for bifunctional electrodes with low 
cost and low overpotential (η) in the electrolysis reaction, this work 
proposes the formation of catalytic coatings of NiFeP/Zn after the 
leaching of Zn from a NiFePZn quaternary system deposited on AISI-SAE 
304 stainless steel substrates by means of room temperature electrode-
position. The aim of this procedure was to obtain catalytic surfaces with 
high surface area for the electrolysis of water in an alkaline medium and 
a reduction in costs in the development of the electrodes. Furthermore, 
the proposed process does not require high temperatures to produce the 
catalyst and can be easily scalable at an industrial level. 

2. Experimental procedure 

2.1. Electrode preparation and NiFeP/Zn coating obtention 

AISI 304 stainless steel was used as substrate for the electrode 
preparation. This was covered with epoxy resin, leaving a defined area 

for the subsequent electrochemical analysis and evaluation. The exposed 
area was polished with sandpaper from P600 up to P2000 grit, in order 
to obtain a more homogenous surface. After an appropriate cleaning 
process with ethanol in ultrasonic bath for five minutes, the electrodes 
were subjected to anodic treatment in an aqueous solution with 10% v/v 
sulfuric acid (J.T. Baker® 95.9%) and 10% v/v glycerol (pharmaceutical 
grade) for 10 min at a current density of 1 A cm− 2, in order to enhance 
the surface area and the adherence of the coating. Finally, the electrodes 
were washed with abundant distillate water [34,35]. 

NiFePZn coatings were electrodeposited using Pt foil as counter 
electrode and applying a current density of – 40 mAcm− 2 to the working 
electrode for 2400 s. The electrolytic bath was made up of distilled water 
with 0.114 M NiSO4‧6H2O (EMSURE® MERK, ≥ 99.0%), 0.108 M FeSO4‧ 
7H2O (CARLO ERBA, ≥ 99.5%), 0.102 M CH3COOK (EMSURE® MERK, 
≥ 99.0%), 0.094 M NaH2PO2‧H2O (ALDRICH, ≥99%). Variations of the 
amount of ZnSO4‧7H2O contained in the electrolytic bath were per-
formed to obtain various quaternary coatings. The variation range of 
ZnSO4‧7H2O was defined between 1.4 mM and 8.4 mM with increases of 
1.4 mM. The pH of the bath was adjusted to a value of 2 with sulfuric 
acid additions for better Fe2+ stability and phosphorous behavior [21]. 
Agitation of the bath was generated through air bubbles. After the 
electrodeposition, all the electrodes with various Zn concentrations 
were treated with 6.0 M NaOH for 24 h at room temperature in order to 
leach the deposited Zn and generate the final NiFeP/Zn coatings. After 
that, distillate water was used to rinse the electrodes. 

2.2. Materials characterization 

The morphology of the NiFePZn coatings and the effect of leaching 
Zn from the electrodes to form NiFeP/Zn, were characterized by scan-
ning electron microscopy (SEM) and electron dispersive X-ray spec-
troscopy (EDS), using a JEOL-JSM 6490LV device with accelerating 
voltage of 20 kV. As a complement to the surface morphology obser-
vation of the deposited coating, an analysis was made with an Asylum 
Research Atomic Force Microscope (AFM) from OXFORD Instruments. 
Chemical composition was evaluated through Raman spectroscopy, 
using a Horiba Jobin Yvon (Labram HR) Nikon (BX41) microscope with 
a CCD detector (Wright 1024 × 256 pixels) with a laser of 625 nm; and 
X-ray photoelectron spectroscopy (XPS), with a (NAP-XPS) spectrometer 
with a PHOIBOS 150 1D-DLD analyzer, using a monochromatic source 
of Al-Kα (1486.7 eV, 13 kV, 100 W) with step energy of 90 eV for general 
spectra and 20 eV for high resolution spectra. Crystal structures were 
characterized by X-ray diffraction (XRD) with a Miniflex600 Rigaku 
with CuKα (λ=1.54059 Å) as source, operated with a source power of 40 
kV and 15 mA from a 2θ from 10◦ to 80◦. 

2.3. Electrochemical evaluation 

Electrochemical experiments were carried out in 1.0 M NaOH for 
HER and OER and were performed using a potentiostat/galvanostat 
AUTOLAB PGSTAT302F, while the electrochemical impedance spectra 
(EIS) were made using a Zhaner IM6e potentiostat. The electrolyte used 
was 1 M NaOH. A H-type cell, with a distance between the anode and 
cathode electrodes of approximately 10 cm and an electrolyte volume of 
80 cm3 was used for all measurements. A Hg|HgO electrode, made in- 
house, was used as reference electrode and a Pt mesh was used as 
counter electrode. Precautions were taken to avoid possible interference 
from platinum ions released by the counter electrode during HER ex-
periments. Specifically, for short LSV measurements (ca. 3 min), we used 
an electrochemical cell with a porous polypropylene membrane, which 
acted as a physical separator between the anodic and cathodic com-
partments of the cell. Fresh electrolyte was used for each of these elec-
trochemical measurements. In the case of long-term stability 
experiments, such as the measurements of overpotential vs time, a flow 
cell was used to avoid the accumulation of bubbles and a graphite slab 
was used as counter electrode. 
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Potentials with respect to reversible hydrogen electrode were 
calculated as follows [23]: 

η = εm + εref/H2 + (0.059V × pH) − (Rsln × I) (1)  

Where, εm is the measured potential, εref/H2 is the potential difference 
between the reference electrode and the reversible hydrogen electrode 
(RHE), I is the response current of the measurement at the working 
electrode and the Rsln is the solution resistance obtained with a current 
interrupt (iR) measurement and using EIS. 

Linear sweep voltammograms (LSV) were performed in three 
different samples (in order to verify reproducibility) from 0.20 V to 1.10 
V for OER and from − 0.40 V to − 1.80 V for HER at a scan rate of 5 mV s 
− 1. Subsequently, cyclic voltammetry at a low scan rate of 0.1 V s − 1 

was performed from 0.20 V to 0.70 V and − 0.90 V to − 1.40 V to check 
the stability of the surfaces of the samples. Further analysis of the sta-
bility and durability of the electrodes was done by chrono- 
potentiometry measurements at a high current density of 400 mA 
cm− 2 for 24 h, which is a typical condition for the real operation of an 
electrolyzer. Tafel plots were constructed from potentiodynamic polar-
ization measurements made at 80 μV s − 1 and a rotation speed of 3500 
RPM using a rotating disk electrode. This was done to avoid shielding of 
the electrode surface due to bubble formation. The catalyst and the 
electrodes were prepared using the same methodology described 
previously. 

The morphology factor (φ) of the NiFeP/Zn electrodes was evaluated 
from capacitance values extracted from cyclic voltammetry measure-
ments performed in a potential window near to the open circuit poten-
tial (OCP). These showed clear capacitive behavior. 22 consecutive scan 
rates with 10 cycles per speed to obtain constant values were performed. 
The method used was based on previous investigations by Da Silva et al. 
[36] and Trasatti et al. [37]. With this methodology is possible to make a 
linear fitting to the curve of current density (j) vs scan rate and to 
establish the “internal” (CD,i) and “external” (CD,e) differential capaci-
tances, using the slopes of the two linear segments. For low scan rate 
domain the current capacity follows Eq. (2), where (CD) is the total 
differential capacity, and for high scan rate domain it follows Eq. (3), 
where iC,r is the capacitive current when scan rate tends to 0. The ad-
ditive character of the current densities and capacitances expressed in 
Eqs. (4) and 5 is also valid. Consequently, the internal differential ca-
pacity can be calculated, as expressed by Eq. (5). 

iC = CDv (2)  

iC = iC,r + CDv (3)  

iC = iC,i + iC,e (4)  

CD,i = CD − CD,e (5) 

CD,i is related to the inner surface charge associated with the less 
accessible surface regions, such as pores, cracks, grain boundaries, etc. 
Finally, to calculate the morphology factor (φ), the ratio between the 
internal and the total differential capacitances must be considered, ac-
cording to Eq. (6), which gives a value that can vary between 0 and 1. 

φ =
CD,i

CD
(6) 

The evaluation of the corrosion performance (or durability) of the 
coatings in 1.0 M NaOH was carried out in two ways. The first of these 
comprised OCP monitoring, just after the end of polarization step, for a 
period of 3 h approximately, and then EIS measurements performed at 
the OCP with a perturbation amplitude of 10 mV and a frequency range 
from 100 kHz to 10 mHz. The OCP and EIS measurements were per-
formed after 2 h of anodic polarization at 400 mA cm− 2, a process that 
was repeated until completing a total polarization time of 24 h, through 
ON/OFF cycles, which resembles the operation conditions when the 
electrodes are used in electrolyzers powered by intermittent energy 

sources. The second test to evaluate the corrosion behavior of the elec-
trodes comprised LSV measurements performed before and after the 
complete cycles of polarization/OCP/EIS evaluation, to verify if there 
was a variation in the catalytic properties of the coatings. 

3. Results and discussion 

3.1. NiFeP/Zn coatings optimization 

To increase the electroactive surface area of the electrodes, Zn was 
initially co-deposited on the anodic treated steel, together with the 
catalytic layer of NiFeP, to obtain NiFePZn which was then selectively 
dissolved to form NiFeP/Zn. A larger electroactive area is expected to be 
achieved due to the porosity or vacancies left by the dissolved Zn. To 
achieve this, a well-known electrolytic baths with the addition of 
different amounts of Zn were used to produce the catalytic NiFeP/Zn 
systems [23]. Details of process are presented in the experimental sec-
tion. To determine the best electrocatalytic coating, linear sweep vol-
tammograms (LSV), capacitance measurements and Raman spectra were 
considered. The catalytic performance of the coatings for HER and OER 
were studied using LSV, and the results are presented in Fig. 1. Fig 1 
shows the effect of the amount of Zn contained in the electrodeposition 
bath on the catalytic performance of the obtained coatings. It is expected 
that a larger concentration of Zn in the bath will produce a larger 
amount of Zn in the NiFePZn catalytic layer that can be leached to form 
more cavities in the NiFeP/Zn. A decrease in the HER and OER over-
potentials with the increase in Zn was observed, until Zn concentration 
in the electrodeposition bath reached a value of 7 mM, see Fig. 1c and d. 
Larger amounts of Zn than 7 mM produced an increment in the over-
potential for both HER and OER. As expected, a larger electroactive area 
of the electrodes is achieved with the increase of Zn amount in the 
coating, due to the interconnected pores and greater surface roughness 
produced by the Zn dissolution process [24,26,38]. 

The overpotentials obtained at |10|, |30| and |100| mA cm− 2 for HER 
and OER are presented in Table S1 in the supporting information. As 
mentioned above, the overpotentials were reduced with the increase of 
Zn concentration in the electrodeposition bath for the three current 
densities reported. However, there is a more significant enhancement 
when the middle concentration of Zn in the bath (after 4.2 mM of Zn in 
the bath) is deposited, a trend that is clearer for OER data than for HER 
data. The best overpotential values achieved for HER at |30| mA cm− 2 

and |100| mAcm− 2 were 240 mV and 298 mV, respectively (Fig. 1a,c). 
Meanwhile, for OER the best values at |30| mA cm− 2 and |100| mA cm− 2 

were 286 mV and 313 mV, respectively (Fig. 1b,d). We associate this 
behavior with the expected surface area increase as more Zn is leached 
from the surface. Zn concentration in the electrodeposition bath larger 
than 7 mM is not convenient because it produces large overpotentials for 
both HER and OER, possibly due to the excess of Zn electro-dissolution 
and loss of the catalytic layer, which leaves the steel substrate freely 
exposed. The best catalytic result obtained for the NiFeP/Zn coatings 
was compared with that obtained for a previously developed NiFeP 
coating (Zn-free coating) [23], in order to verify the beneficial effect of 
Zn co-deposition and posterior dissolution. This comparison is shown in 
Fig. 2. The inclusion of Zn and its subsequent leaching from the catalytic 
coating reduces the overpotential, compared to the reference free-Zn 
coating, by approximately 165 mV for HER and 62 mV for OER at | 
10| mA cm− 2, and 137 mV for HER and 70 mV for OER at |100| mA 
cm− 2. 

The morphology factor (φ) was evaluated following the previous 
works of Da Silva et al. [36] and Trasatti et al. [37], who applied a 
method that can determine the differential response of the diverse 
morphology or topography of the catalytic-layer surface. This method 
was chosen to avoid the comparison between the actual experimental 
capacity and the reference capacity values, which is usual in current 
research in order to obtain the roughness factor (Rf) and establish the 
contribution of the electrochemical active surface area (ECSA) [23,39, 
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40]. Thus, the proposed methodology can decrease the possibility of 
wrong interpretations since it is difficult to obtain valid reference ca-
pacity values in order to compare exactly similar materials. This is 
because the reference capacity has only empirical validity, especially 
when the surface is quite heterogenous in nature, as is the case for metal 
oxides mixtures, making the analysis independent of the chemical na-
ture of the species evaluated [36]. Cyclic voltammograms at different 
scan rates for NiFeP/Zn coatings with different initial Zn contents were 
performed in a potential range where capacitive behavior was observed. 
The CV plots performed in a potential window of ± 100 mV around the 
OCP are shown in Fig. S1 in the supporting information. Plots of the 
current density (j) vs scan rate obtained at 0.3 V vs RHE are shown in 
Fig. 3. All graphs clearly present two linear segments with different 

slopes, located at the low and high sweep rate domains. When the Zn 
content in the coating is low, the slopes are nearly identical, resulting in 
a low morphology factor for the electrocatalytic coating, as can be seen 
in Table 1. Table 1 also shows the corresponding data for the NiFeP 
coating (coating without initially Zn electrodeposition), for comparison 
purposes. A low φ value can be associated with low interconnected 
porosity and low surface inhomogeneities generated by the scarce Zn 
dissolution process. Consequently, when the Zn content in the coating is 
low the total differential capacity value is similar to the external ca-
pacity (low value of internal capacity) of the catalyst. On the other hand, 
when the Zn amount is large the two slopes observed in the plots of Fig 3 
are quite different and a heterogenous topography with more irregular 
surface and interconnected porosity is achieved. In that case, the 

Fig. 1. Linear sweep voltammograms results for NiFeP/Zn coatings with Zn concentration variation (1.0 M NaOH). a) Cathodic evaluation for HER, b) Anodic 
evaluation for OER, c) cathodic overpotential obtained for HER and d) Anodic overpotential obtained for OER. 

Fig. 2. Linear sweep voltammograms for the best NiFeP/Zn coating (7 mM of Zn) vs a NiFeP coating (1.0 M NaOH). a) Cathodic LSV evaluation (HER) and b) Anodic 
LSV evaluation (OER). 
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internal capacity can be differentiated from the external capacity and 
the morphology factor is large. Consequently, a large electroactive area 
of the catalyst is expected. According to the analysis performed by Da 
Silva et al. [36], during the CV experiments to calculate the coating 

capacitance, a fast ionic charging process, to satisfy the surface elec-
troneutrality, occurs in the more external regions of the film, particu-
larly the more easily accessible external regions. However, a slower 
ionic charging process happens in porous or irregular surfaces because 
they are regions of difficult access. Consequently, the internal capacity is 
only measurable in porous or irregular surface tested at low scan rates, 
as was corroborated in Fig. 3. The φ of the coating was observed to in-
crease until the Zn concentration in the electrodeposition bath reached 
7 mM, after which further increment of Zn does not produce increment 
in φ. The morphology factor values obtained from CV measurements and 
estimated capacitances are coherent with the catalytic behavior of the 
coating observed in the LSV curves, Figs. 1 and 2. The increment of the 
catalytic properties of the NiFeP/Zn coatings is consistent with the 
increment of the φ values, which indicates that large ECSA is achieved 
when morphology factor value is large, and consequently better cata-
lytic performance of the coating is obtained. 

Raman spectroscopy measurements were done to determine the 

Fig. 3. Current Density (j) vs Scan Rate curves obtained through CV for a) 1.4 mM, b) 2.8 mM, c) 4.2 mM, d) 5.6 mM, e) 7 mM and f), 8.4 mM of Zn.  

Table 1 
Estimated capacitances and φ values of the coatings obtained using CV 
measurements.  

Coating CD (Fcm¡2) CD,e (Fcm¡2) CD,i (Fcm¡2) φ 

NiFeP 2.7819E-4 1.3592E-4 1.42227 0.5114 
1.4 mM of Zn 1.7806E-2 1.5347E-2 2.4595E-3 0.1381 
2.8 mM of Zn 1.7269E-2 1.2781E-2 4.4883E-3 0.2599 
4.2 mM of Zn 2.3553E-2 1.7227E-2 6.3263E-3 0.2686 
5.6 mM of Zn 3.9333E-2 1.2527E-2 2.6805E-2 0.6815 
7 mM of Zn 6.4602E-2 8.6802E-3 5.5922E-2 0.8656 
8.4 mM of Zn 6.2117E-2 2.1263E-2 4.0853E-2 0.6576  
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chemical changes of the NiFeP/Zn coatings before and after OER po-
larization. Ex-situ and in-situ Raman spectra obtained for the different 
coatings are shown in Fig. 4(a) and Fig. 4(b) respectively. The ex-situ 
Raman spectra of samples performed before electrolysis exhibited 
bands at 395 cm− 1, associated with the α-Fe2O3 compound [41], and at 
680 cm− 1, which corresponds to NiO [42] and Fe3O4 oxides [41] which 
overlap with the formation of the band. The Raman spectrum obtained 
for the coating prepared with 8.4 mM of Zn, unlike the others, displays 
an absence of bands related with nickel or iron oxides, which indicates a 
metallic character of the surface, probably due to the substrate exposure. 
This result is in accordance with previous LSV test results, which indi-
cated low catalytic performance of the coating prepared with 8.4 mM of 
Zn, possibly due to the exposure of the substrate after the leaching 
process. 

The in-situ Raman spectra (Fig. 4(b)) were obtained during polari-
zation of the samples at 0.6 V vs Hg|HgO. These spectra, like those 
obtained before electrolysis, display the previously described bands at 
395 cm− 1 and at 680 cm− 1. In addition, the presence of new bands at 
475 cm− 1 and 555 cm− 1 was observed. These bands are characteristic of 
the vibrational responses of nickel oxyhydroxide (NiOOH) [42], which 
were formed due to the stimulus of the electrolysis process. The 
distortion that occurs in both bands is related to a disordered partici-
pation of Ni-Fe when the Fe concentration is above 32%, as Marie W. 
et al. have proposed [42]. That work also found that the increase of the 
intensity of the band at 555 cm− 1 occurs with the increase of the Fe 
concentration in the deposit, until the bands reach a similar intensity. 
When Fe concentration in the deposit exceeds 40%, the catalytic ca-
pacity of the NiOOH species is reduced. A comparison of relative in-
tensities of the bands at 475 cm− 1 and 555 cm− 1 (I475/I555) of the Raman 
spectra of the coatings was made and the results are presented in 
Table S2 in the supporting information. It can be clearly observed that 
I475/I555 ratio increases as the initial Zn content in the deposited in-
creases. This result suggests that the iron content in the catalytic layer 
concomitantly decreases in the deposits with initial high contents of 
zinc. After the leaching process, the coatings that initially have low Zn 

content could present iron enrichment, while the coating with high Zn 
content, like those obtained at 5.6 and 7 mM of Zn, could exhibit low 
iron content and Ni enrichment. According to these results, it is expected 
that the coating obtained at 7 mM of Zn will be the coating with the best 
Ni/Fe ratio (high Ni and low Fe contents) and the best catalytic activity 
to water splitting, because it was the coating that exhibited the highest 
I475/I555 ratio in the Raman spectra. These results are coherent with the 
results obtained in the LSV and CV analyses, where the 7 mM of Zn 
coating is the one with the best electrochemical performance. 

From the LSV, CV and Raman results previously analyzed, it can be 
established that the optimal coating, in terms of composition and cata-
lytic behavior, is the one deposited with 7 mM of ZnSO4‧7H2O in the 
bath. It is important to note that the incorporation of Zn, even in small 
amounts, leads to an important decrease in the HER and OER over-
potentials. It appears that when Zn is leached from the coating, in 
addition to the generation of cavities, peaks and valleys, there are also 
convenient interactions between the other metals of the system, 
changing the proportions between Ni and Fe in the deposit, thereby 
improving the ratio of the compounds of both metals. The leaching 
process at high concentrations of NaOH makes it possible to reduce part 
of the deposited iron, bringing more optimal amounts of Ni and Fe in the 
deposit for the hydrogen and oxygen evolution reactions. In general, the 
leaching of zinc from the coating in alkaline medium not only generates 
an increase in the surface area but could also be considered an aging 
treatment that favors the reactions of interest. 

3.2. Optimal NiFeP/Zn coating characterization 

For a better understanding of the selected optimal coating from the 
previous analysis (NiFeP/Zn 7 mM of Zn), more exhaustive physical and 
chemical characterizations were carried out on that coating in order to 
define the microstructure, morphology and possible compounds formed 
by the elements present on the catalytic surface and the changes induced 
by the leaching process. The results obtained by scanning electron mi-
croscope (SEM) analysis are presented in Fig. 5. The micrograph 

Fig. 4. Raman spectra obtained for the different leached NiFeP/Zn coatings. a) Ex-situ Raman spectra before electrolysis and b) In-situ Raman spectra during 
electrolysis at 0.6 V vs Hg|HgO. 
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obtained for the substrate is shown in Fig. 5(a) where the AISI 304 steel 
after the anodic treatment can be observed. Some quite angular peaks 
and valleys are notable, and these lead to the formation of pores with 
sizes between 5 and 50 μm. The pores tend to form at the grain 
boundaries of the material due to the dissolution of Fe, which facilitates 
the instability of this area [34,35]. Fig. 5(b) shows the surface of a NiFeP 
coating over anodic treated stainless steel. The morphology does not 
present a drastic change from the substrate, which suggests a compact 
coating that seeks to copy the surface of the electrode, meaning that the 
catalytic results that can be provided for this system are clearly associ-
ated only with the catalytic power of the deposited species. The 
micrograph of the NiFePZn quaternary coating obtained from a 7 mM 
ZnSO4⋅7H2O solution before Zn leaching is presented in Fig. 5(c) and (d) 
at magnifications of X2000 and X20000 respectively. At lower magni-
fications, it was possible to identify the valleys and peaks such as those 
exhibited by the substrate and NiFeP coating. However, the effect of the 
addition of Zn in the coating can be detected due to the formation of 
small cluster structures with filaments on the surface, which is not 
observable in the coatings without Zn. This shows that the addition of Zn 
promotes a notable change in the microstructure with an increase of 
roughness even before the leaching process. 

Fig. 5(e) to (h) show the leached coating at X500, X2000 and X20000 
magnifications, where some structures of three different sizes are 
observed. The Zn leaching process leaves the cluster structures with a 
brain-like morphology constituted by small plates of < 1.0 μm in size, 
contributing to the increase in the surface area of the electrode. In 
summary, at first, the macroscopic structure was generated by the 
anodic treatment applied to the substrate (Fig. 5(a)). Then, at interme-
diate level, irregularly shaped cracks and cavities appear after the 
electro-deposition of the NiFeP/Zn coating, resembling the surface of 
coral (Fig. 5(b) and (c)). Finally, it is possible to identify the formation of 
small clusters with an approximate size of 1.5 μm, which are distributed 
over the entire surface of the electrode and appear in the form of 
nanoplates (Fig. 5(c) and (d)). This distribution of morphologies would 
explain the large surface area exhibited by the NiFeP/Zn coating after Zn 
leaching. 

To continue investigating the morphology of the coating, some an-
alyses using the Atomic Force Microscope (AFM) were performed, the 
results are presented in Fig. S2, in the supporting information, and 
Table 2. From the AFM images the roughness values of Ra (arithmetic 
roughness) and Rq (quadratic roughness) for the coatings before and 
after leaching were obtained. The results confirm that the unleached 
NiFePZn coating (Fig. S2(a) and (d)) tends to be smoother and only 

presents cavities due to the anodic treatment of the substrate, so it only 
has an Ra of nearly 55 nm. An increase in average roughness up to an Ra 
of approximately 284 nm is then observed in the leached NiFeP/Zn 
coating (Fig. S2(b) and S2(e)). In addition, Fig. S2(c) and (f) show mi-
crographs with higher magnifications of the leached coating, where the 
roughness generated by the nanoplates distributed on the surface is 
detected. These nanoplates alone have a roughness with an Ra of 
approximately 102 nm. 

A chemical characterization of NiFeP/Zn coating was carried out to 
complement the previous Raman spectroscopy analysis and to deter-
mine the species deposited. EDS mapping results for electrodes before 
and after leaching are shown in Fig. S3, in the supporting information, 
and the atomic percentage of the main elements of the coatings obtained 
is reported in Table 3. The NiFePZn (unleached) coating exhibits a high 
zinc content (70.90%), superior to the iron and nickel contents which do 
not exceed a value of 15 at% in the coating, despite the fact that the 
concentration of Zn in the electrodeposition bath was lower than that of 
Ni and Fe. Phosphorus, meanwhile, only has 3.75 at% in the coating. 
These results indicate the existence of an anomalous electrodeposition of 
Zn and Fe, because the less noble metals tend to have a greater depo-
sition even though they have more negative standard reduction poten-
tials than Ni (Zn= − 0.7626 V vs RHE, Fe= − 0.44 V vs RHE and Ni=

Fig. 5. SEM micrograph for electrodes surfaces. a) Anodic treated AISI 304 steel, b) NiFeP coated electrode, c) Unleached NiFePZn coated electrode at X2000 and d) 
Unleached NiFePZn coated electrode at X20000, e) Leached NiFeP/Zn coated electrode at X500, f) Leached NiFeP/Zn coated electrode at X2000, g) Leached NiFeP/ 
Zn coated electrode at X20000 and h) Leached NiFeP/Zn coated electrode at X20000. 

Table 2 
Ra and Rq values calculated using AFM analysis of the obtained NiFePZn coating 
electrodeposited from a 7 mM ZnSO4⋅7H2O solution before and after Zn leaching 
to obtain NiFeP/Zn.  

Sample Ra (nm) Rq (nm) 

NiFePZn Before Leaching 54.975 72.031 
NiFeP/Zn After Leaching 1 284.135 343.442 
NiFeP/Zn After Leaching 2 101.725 122.436  

Table 3 
Atomic percent content of the main elements presented in the NiFeP/Zn coating 
electrodeposited from a 7 mM ZnSO4⋅7H2O solution before and after Zn leach-
ing, results from EDS analysis.  

BEFORE LEACHING (NiFePZn) AFTER LEACHING (NiFeP/Zn) 
Element Atomic percent (%) Element Atomic percent (%) 

Ni 11.60 Ni 56.20 
Fe 13.74 Fe 18.82 
Zn 70.90 Zn 17.33 
P 3.75 P 7.65  
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− 0.257 V vs RHE) [43]. These results differ from those of other works 
that used similar concentrations of Zn, Fe and Ni [25,26,44–47]. This 
could be related to the effect of phosphorus addition, because the P 
promotes different interaction during the electrodeposition of Ni-Fe 
systems and a local pH variation that modifies the stability of the 
deposited metals [21]. After the leaching process to form NiFeP/Zn 
coating, there was a great reduction of the Zn content in the coating, and 
consequently the contents of Fe, Ni and P increased. This confirms that 
the leaching process results not only in the generation of great surface 
area, but also acts as surface treatment that modifies the content of other 
elements present in the coating, as was established above during the 
Raman analysis. The chemical analysis of the EDS results also gives some 
explanation for the poor catalytic performance of the coating electro-
deposited at the highest Zn concentration in the electrolyte bath (8.4 
mM of ZnSO4). Considering that most of the coating before leaching is 
made up of zinc, it is possible that increasing the concentration of this 
metal in the bath to more than 7 mM would result in the deposition of an 
extremely high content of Zn in the coating, which would reduce the 
amount Ni and Fe, thus reducing the formation of catalytic species of 
both these metals, which are the most active in the hydrogen and oxygen 
evolution reactions. Similarly, the formation of highly Zn-enriched 
coatings could lead to complete leaching of the catalyst, in turn lead-
ing to exposure of the stainless-steel substrate with lower active area and 
limited catalytic properties, as was mentioned during CV evaluation. 

The diffractogram obtained of the coating electrodeposited from a 7 
mM ZnSO4⋅7H2O solution before and after Zn leaching is shown in 
Fig. 6, along with systems such as stainless-steel and NiFeP for purposes 
of comparison. In all diffractograms, peaks at 2θ of 43.47◦, 50.67◦ and 
74.31◦ were observed, which are associated with the substrate, specif-
ically with the austenitic phase of the stainless-steel corresponding to 
the planes (1 0 0), (2 0 0) and (2 2 0), respectively [48]. The theoretical 
pattern of this material (JCPDS 33–0397) is added to the figure for 
purpose of comparison. Diffractograms of NiFePZn (unleached) and 
NiFeP/Zn (leached) system also present several diffraction peaks that 
are distorted and are much wider. This effect is mainly associated with 
the formation of compounds with small grain sizes and the presence of 
an amorphous structure. The main factor responsible for the amorph-
ization of the structure is the presence of phosphorus in the coating, 
which generates a distortion of the crystal structure of the formed 
compound when it is co-deposited with transition metals, due to the 
difference in the diameter of the atoms. This distortion depends on the 
amount of P deposited [20,49]. This was corroborated by analyzing the 
peak formed at 2θ = 44.8◦, which can be associated with the (1 1 1) 

plane of FCC nickel distorted by phosphorus and which forms Ni-P [50]. 
This amorphous peak manages to shield the response of the peak formed 
by the (1 0 0) plane of the substrate. Once the Zn leaching occurs, the 
dissolution of Zn and part of the Fe reduces the thickness of the coating 
and allows a greater facility for the substrate to interact with the inci-
dent x-ray radiation to obtain a response from the plane in question. In 
addition, amorphization of the structure generated by the presence of 
phosphorus is expected and desired in the coating, because it improves 
the catalytic properties of the coating and its corrosion resistance. 
Leaching process also stimulates the formation of different amorphous 
compounds of Fe and Ni on the surface of the coating, which can be 
evidenced by several broad peaks in the diffractograms. The peaks 
observed at 19◦ and 33◦ are respectively associated to the planes (0 0 1) 
and (1 0 0) of β-Ni(OH)2. In addition, the peak observed at 35◦ is 
associated to the (0 1 2) plane of α-Ni(OH)2 and the plane (1 1 1) of Ni-P, 
as previously discussed [50,51]. Furthermore, it was possible to identify 
the Fe3PO7P (ICSD ID 84,794) compound thanks to the presence of its 
most characteristic peak at 28◦. These results are consistent with those of 
Raman analysis, where the formation of nickel hydroxides on this 
coating was clearly identified. 

X-ray photoelectron spectroscopy (XPS) measurements were carried 
out to complement the chemical characterization and to establish the 
valence states of the main elements present in the coating before and 
after the leaching process. The results are shown in Figs. 7. and 8. 
respectively. Deconvoluted spectra results from the unleached coating 
show that oxygen (O 1 s) has two bands (Fig. 7(b)), one at ~531.61 eV 
mainly associated with the dominant species of OH group, presented in 
the M-OH bond. This suggests the formation of a passive layer driven by 
the air contact after the deposition before the leaching process [52,53]. 
There is another band at ~533.82 eV associated to the P-O bond, 
possibly from bimetallic phosphates [16,54] or to the adsorbed water 
(H–O—H), since deposition process comes from an aqueous solution 
[52,53,55]. After the leaching process, the O 1 s spectra (Fig. 8(b)) 
shows a slight modification, evidenced by the existence of a third band 
at lower binding energies of ~529.17 eV. That band indicates the for-
mation of an M-O bond in the surface [52,53,56], characteristic of a 
metal oxide. These results shows that leaching, in addition to the zinc 
remotion, helps the generation of metallic oxides, which usually act as 
catalyst on the surface. The band of nickel (Ni 2p) in Fig. 7(c) of the 
unleached sample shows a split energy of Δ~18 eV between the Ni 2p1/2 
and Ni 2p3/2 spin orbits, each of which are deconvoluted into doublets 
corresponding to Ni2+ at ~855.66 eV and Ni3+ at ~857.34 eV for Ni 
2p3/2, and Ni2+ at ~873.69 eV and Ni3+ at ~875.99 eV for Ni 2p1/2. The 
left bands are satellite ones [57]. The areas of the deconvoluted band 
show that there is some participation of Ni2+ in the coating, which can 
be related to Ni(OH)2 and NiP2 [55,58,59]. Meanwhile, Ni3+ can be 
associated to the formation of NiOX [60]. When the coating is leached to 
form NiFeP/Zn, the Ni spectrum in Fig. 8(c) shows a displacement to-
wards lower binding energies of the bands, which can be associated with 
the transition of Ni(OH)2 species to NiOX [60] and to NiOOH [58,61], 
indicating the formation of electro-catalytic compounds to HER and 
OER [42,62,63]. The iron spectra (Fe 2p) presented in Fig. 7(d), shows a 
similar behavior to the Ni spectra, with a split energy of Δ~17 eV be-
tween its spin orbits. For the Fe 2p3/2, bands at ~710.99 eV and at 
~713.56 eV were deconvoluted and can be associated to Fe2+ and Fe3+

respectively. The same oxidation states are presented at ~723.82 eV and 
at ~726.15 eV for the 2p1/2 spin orbit. The presence of Fe3+ and Fe2+

suggests the existence of FeOOH [64] and Fe2O3 [59,65,66]. Remaining 
bands are satellite ones, and do not provide additional information [40]. 
After the leaching process the iron related bands show a reduction of 
binding energy, associated with an enrichment of oxides species, which 
can be related to the transition of FeOOH to FeO [65] and the formation 
of Fe3O4, as the Raman spectra suggest. The phosphorus spectra (P 2p) 
presented in Fig. 7(e) shows three bands, the first at ~133.64 eV cor-
responds to the P 2p3/2 spin orbit, while the second at ~135.04 eV is 
associated to the P 2p1/2 spin orbit. The presence of these bands confirms 

Fig. 6. X-ray diffractogram for AISI 304 steel, the ternary system NiFeP and the 
quaternary system NiFeP/Zn before and after Zn leaching. 
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the formation of phosphides and phosphates with the deposited metals 
[57,67]. In the same spectrum, Fig. 7(e), the band at ~140.64 eV also 
appears, corresponding to the response of the Zn 3 s [67]. After the 
leaching treatment, in Fig. 8(e), in addition to the displacement to lower 
binding energies, a reduction of the intensity of the Zn 3 s band is 
observed, demonstrating the diminishing of this metal with this process. 
Finally, for the zinc spectra (Zn 2p), the two bands that appear before 
(Fig. 7(f)) and after (Fig. 8(f)) leaching, correspond to Zn 2p3/2 and Zn 
2p1/2 respectively, with a spin orbit of Δ~23 eV. The position of these 
bands before leaching (at ~1021.78 eV and at ~1044.85 eV) suggests a 
metallic state of the zinc in the coating [68,69]. After the leaching 
process these bands tends to shift towards lower energies, see Fig. 8(f), 
probably due to the formation of ZnO, as was suggested by other works 
[68,70]. 

3.3. Electrochemical evaluation of the optimal NiFeP/Zn coating 

The electrochemical behavior of the NiFeP/Zn coating obtained with 
7 mM of ZnSO4‧7H2O in the electrodeposition bath was evaluated 
through additional tests, to obtain more information about the kinetics 
of the gas evolution reactions and the stability (durability) of its catalytic 
behavior. Cathodic and anodic Tafel slopes obtained from potentiody-
namic polarization of the coating performed in 1.0 M NaOH electrolyte 
are shown in Fig. 9(a) and (b), respectively. In the case of the HER re-
action, Fig. 9(a), it is possible to observe that the NiFeP/Zn coating al-
lows a reduction of the overpotential of the cathodic reaction compared 
to the system without Zn, indicating an improvement in the catalytic 
activity of the coating. Additionally, as observed in Table 4, a significant 
diminishing in the cathodic Tafel slope is evidenced compared to 
stainless steel and the NiFeP coating. This behavior is most suited to an 
electrolyzer operation, where high current densities are applied during 

Fig. 7. XPS spectra for unleached NiFePZn coating. a) Complete spectra, b) Oxygen spectra, c) Nickel spectra, d) Iron spectra, e) Zinc spectra and f) Phos-
phorus spectra. 
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the generation of the H2 gas. On the other hand, the exchange current 
density of the HER reaction was slightly reduced. The decrease in the 
exchange current is not ideal, but this could be compensated, in kinetic 
terms, by the diminishing of the Tafel slope, since in the LSV results 
presented above, the leached NiFeP/Zn coating always performed better 
than the other systems. Furthermore, for practical purposes in a real 
electrolyzer operation, it is more convenient to have a low Tafel slope, 
because high current densities are employed. This evaluation also allows 
us to identify the main mechanism of the hydrogen evolution reaction, 
and, in this case, the cathodic slope obtained for the quaternary system 
was 79 mV, which suggests that a mixed Volmer-Heyrovsky mechanism 
is present [71,72], possibly due to the heterogeneity of the deposited 
catalytic species. Oxygen evolution kinetics represented in Fig. 9(b), 
show two different slopes that govern the process for the three evaluated 
systems, one at low overpotentials in a zone between 210 mV and 310 
mV, and the other at higher overpotentials between 290 mV and 420 

mV. The differential anodic behavior observed at low and high over-
potential is due to the formation of different catalytic compounds of 
nickel, which transform depending on the applied overpotential. The 
anodic slopes and exchange current densities for OER process are pre-
sented in Table 5. Similarly, to the HER process, the lowest values of the 
anodic Tafel slopes were those of the leached NiFeP/Zn quaternary 
system, with slopes of 25 mV for the low overpotentials and 77 mV for 
high overpotentials. The exchange current also presented two behaviors: 
in the case of the process at low overpotentials it was slightly reduced, as 
in the HER process, while the behavior changes at high overpotentials 
since the exchange current of the NiFeP/Zn system is the highest. This 
behavior is ideal, in conjunction with the reduction of the Tafel slope, in 
order to achieve higher efficient reaction kinetics for OER. 

The stability of the coating was evaluated for 24 h at |400| mAcm− 2, 
to resemble a real working operation of an electrolyzer. The chro-
nopotentiometry curves obtained are shown in Fig. 9(c) and (d). The 

Fig. 8. XPS spectra for leached NiFeP/Zn coating. a) Complete spectra, b) Oxygen spectra, c) Nickel spectra, d) Iron spectra, e) Zinck spectra and f) Phos-
phorus spectra. 
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observed overpotentials during the cathodic evaluation for HER varied 
by 30 mV and were below 275 mV, which is considered a low value for 
an applied current density of 400 mAcm− 2. Small overpotential oscil-
lations and an initial tendency to increase were observed during the first 
hour of the test, but the coating reached a stable behavior around 270 
mV after 18 h of polarization. During the anodic evaluation for OER, the 
overpotentials varied by 80 mV and exhibited a continued increase over 
time, with the presence of small oscillations, but it also reached a stable 
behavior around 1.68 V after 16 h of polarization. The increase in 
overpotential and the oscillations observed were associated with the 
constant accumulation and release of bubbles formed on the surface of 

the electrode. This phenomenon can lead to ohmic losses due to the 
increase in the system resistance with the accumulation of bubbles and 
due to the reduction of the active area, blocked by the same bubbles, 
which prevent a good interaction between the surface of the catalyst and 
the electrolyte. LSV measurements before and after galvanic polariza-
tion at |400| mAcm− 2 / 24 h tests (durability tests) are shown in the 
Figure S4, in the supporting information. It can be seen that both LSV 
measurements were almost on the same curve, indicating that there is 
not loss of catalytic activity for the coating after high current and 
longtime operation. SEM images were taken after the test (Fig. S5). 
Small changes in the morphology respect to the pristine surface were 
observed, reveling some loss of the nano morphology after the lixivia-
tion. The composition of the electrode surface was also evaluated, it is 
shown in Table S3 in the supporting information. It was found that the 
main change in the elemental metal concentration of the coating was for 
Zn, which is expected because Zn form soluble species in the alkaline pH 
of the electrolyte. However, that situation did not compromise the cat-
alytic activity of the coating. 

The results obtained during the on/off test for the evaluation of the 
corrosion resistance and durability of the NiFeP/Zn electrodes are 
shown in Fig. 10. The evaluation was performed through EIS test at the 
OCP after applied anodic polarization at 400 mA cm− 2 during 2 h (OER 
condition) because this condition generates oxidation and could induce 
drastic changes of the coating. Repetitive cycles of this test (anodic 
galvanostatic polarization follows by EIS) were performed until reach-
ing 24 h of evaluation. Fig. 10(a)–(c) show the Nyquist and Bode plots of 
the electrochemical impedance obtained for the coating at different 
evaluation times. After the first anodic polarization, there is a significant 

Fig. 9. Kinetics behavior of the samples analyzed from Tafel slopes and chronopotentiometry curves in 1.0 M NaOH, applying a current density of |400| mAcm− 2. a) 
Cathodic Tafel slope (HER), b) Anodic Tafel slope (OER), c) Cathodic chronopotentiometry (HER) and d) Anodic chronopotentiometry (OER). 

Table 4 
Tafel slopes and exchange current densities for HER.  

Sample b (mV) Io (Acm¡2) 

Steel 158 1.68 × 10− 5 

NiFeP coating [23] 93 5.52 × 10− 5 

NiFeP/Zn coating 79 8.35 × 10− 6  

Table 5 
Tafel slopes and exchange current densities for OER.  

Sample Low overpotential High overpotential 
b (mV) Io (Acm¡2) b (mV) Io (Acm¡2) 

Steel 47 4.32 × 10− 9 114 2.81 × 10− 4 

NiFeP coating [23] 43 1.03 × 10− 9 88 1.79 × 10− 5 

NiFeP/Zn coating 25 1.07 × 10− 12 77 1.12 × 10− 5  
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increase in the coating impedance, after which it tends to be stable; the 
impedance variation is minimal from the second cycle of the test. The 
electrode surface during the anodic polarization on/off cycles is quite 
stable. Nyquist diagram shows the formation of a straight line at 45◦, 
which is characteristic of Warburg-type semi-infinite diffusion pro-
cesses. This behavior is associated with the diffusion of adsorbed oxygen 
from the electrode surface into the solution. In the bode spectra, an in-
crease in the impedance of the system is observed after the first cycle of 
anodic polarization, while in subsequent on/off cycles no variation in 
impedance was observed. The increase in the impedance of the electrode 
after the first cycle of anodic polarization is associated with the forma-
tion of oxidation by-products of the elements that make up the coating, 
such as oxides, hydroxides and oxyhydroxides of Ni and Fe, which form 
a passive and catalytic layer on the electrode. The structure and 
composition of the layer has been presented in previous sections. The 
impedance diagrams of the system before anodic polarization (0 h), 
indicate the existence of two-time constants: the first at high frequencies 
is associated to the electrical double layer in parallel arrangement with 
the charge transfer resistance; and the second, at low frequencies, is 
probably associated with the formation of the layer of corrosion prod-
ucts. In the impedance performed before anodic polarization, no event 
associated with diffusive processes is observed. Therefore, the electrical 
equivalent circuits (EECs) for the electrode before and after polarization 
are different; both are shown in Fig. S5 in the supporting information. 
The EECs of Fig. S5 were used to adjust the experimental impedance 
values of the system. The fit results of the EIS are presented in Table S4. 

The data obtained from the EIS fit confirm the stability of the coating 
once polarized, since all the parameters involved in the circuits remain 
in a similar order of magnitude during all the evaluation times. 
Furthermore, it can be observed that the resistance associated with the 
corrosion products is quite low (Rp), compared to that observed before 
polarization (Rp2). This indicates that the compounds formed on the 
electrode surface undergo chemical transformations and become more 
catalytic in nature after anodic polarization, which has already been 
evidenced by Raman spectroscopy and commented in previous sections. 
These analyzes show that the layer of corrosion products after anodic 
polarization is mainly constituted by nickel oxyhydroxide NiOOH, a 
compound that is highly catalytic for HER and OER reactions [42]. 
Fig. 10(d) and (e) show the variations of the overpotential with respect 

to time due to the applied polarization and the variation of the OCP, 
respectively. In the first of these, we can see a noisy behavior, where 
potential jumps are observed in the on/off cycles, associated with the 
massive production of bubbles. It is assumed that some amount of O2 
bubbles remain on the catalytic layer of the electrode after the evolution 
reaction during the electrolysis cycles (On condition), and later are 
released during the rest of time (Off condition). These events are marked 
with yellow lines in the graph. Despite the presence of overpotential 
jumps, a certain stability is observed around an average value of 1.70 V. 
Meanwhile, the OCP exhibits very stable behavior, which coincides with 
the results of the EIS, indicating that the passive layer formed does not 
show much variation once it is established on the surface. In each 
On/Off polarization cycle the OCP exhibits similar behavior; after the 
high polarization suffered by the coating during the On condition, a 
rapid fall of the OCP is observed during the Off condition to reach a 
stable value characteristic of the oxide species formed (NiOOH). This 
behavior is repeated during the cycling test, showing few changes. To 
complement this analysis, a LSV measurement was performed before 
and after completing the On/Off cycling test (24 h) to check if there were 
changes in the catalytic properties of the coating. The respective LSV 
curves performed of the NiFeP/Zn electrodes before and after the 
On/Off cycling test are presented in Fig. 10(f). It can be seen that the 
electrodes present very similar performance. At low current densities 
(10 mA cm− 2) there are no differences between the overpotentials 
exhibited by both electrodes, which exhibit a value close to 272 mV. At 
high current densities (greater than 100 mA cm− 2) it is possible to see a 
slightly larger overpotential of the NiFeP/Zn electrode after cycling test 
of approximately 10 mV, which still maintains acceptable ranges for the 
desired performance. This behavior shows that the NiFeP/Zn coating 
performs well in alkaline environments, is quite stable, and is resistant to 
corrosion generated by the oxygen evolution reaction. 

3.4. Evaluation of NiFeP/Zn as bifunctional electrode for overall water 
splitting 

A complete cell was developed to evaluate the real behavior and 
performance of the quaternary system NiFeP/Zn as bifunctional elec-
trocatalyst, using the material as cathode and anode in an electrolysis 
cell. According to the results shown previously, a Full-Cell acting like an 

Fig. 10. Resistance to corrosion evaluation results in 1.0 M NaOH. a) EIS nyquist diagram, b) EIS bode diagram (|Z| vs Frequency), c) EIS bode diagram (Φ Vs 
Frequency), d) Potential variation respect time between EIS, e) OCP variation between polarizations and f) LSV results before and after corrosion evaluation. 
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electrolyzer using the bifunctional material as the respective electrodes 
would requires a potential difference of 1.65 V to start the water split-
ting and thus produce hydrogen and oxygen at a current density of 10 
mA cm− 2. This potential is a reference value but does not include losses 
associated with electrical contact and wire resistances and ohmic po-
tential drops in the electrolyte. Consequently, it is necessary to carry out 
a complete cell polarization curve in order to verify the theoretical 
performance. A triplicate evaluation of LSV was carried out to obtain 
statistically representative behavior, this result is shown in Fig. 11. Full- 
Cell potentials obtained at current densities of 10 mA cm− 2 and 100 mA 
cm− 2 were 1.65 V and 1.83 V, respectively. These overpotential values 
suggest correct calculation for the overall water splitting and shows 
good repeatability of the electrode performance. The result obtained in 
this research shows overpotential of Full-Cell equal to 1.65 V for overall 
water splitting. This demonstrates promising performance of electro-
lyzers, which can be constructed using the developed catalytic coatings 
of NiFeP/Zn, in comparison with previous reports of more expensive and 
elaborate electrodes, like 1.64 V for Ni-P/NF [73], 1.67 V for Ni-Fe-S 
[74], 1.68 V for Co-Mn carbonate hydroxide [75], 1.68 V for MoS2@-
Ni0.96S [76], 1.73 V for FeSe2/NF [77], 1.73 V CoFeP/CNT [42]. Also a 
work reported the modification of the stainless steel surface 
(SSM-AR-SSM-A) achieving a voltage of 1.78 V [78]. Nevertheless, a 
recent developed ternary coating Ni2P/NiMoP on NF shown excellent 
performance for the HER, like 1.52 V at 10 mA cm− 2 and 1.68 at 100 mA 
cm− 2 [79], showing that there is still room for improvement in future 
researches. 

4. Conclusion 

Nanostructured and reproducible NiFeP/Zn coatings were developed 
as bifunctional catalysts for electrochemical water splitting. The NiFeP/ 
Zn coating was deposited on anodic-treated AISI 304 stainless-steel, 
after which the leaching process was used to remove part of Zn, allow-
ing a high active surface area of the electrodes. Zn leaching process also 
works as an aging process that forms catalytic species such as NiOOH on 
the surface and establishes a convenient ratio between Ni and Fe. The 
optimal catalytic coating was that obtained in the electrolytic bath 
containing 7 mM of Zn, which corresponds to a coating composition of 
56.20% Ni, 18.82% Fe, 7.65% P and 17.33% Zn, after leaching process. 
These effects resulted in the achievement of low overpotentials for HER 
and OER reactions, specifically 163 mV and 262 mV, respectively, at a 
current density of 10 mA cm− 2. SEM and AFM characterizations show 
that leached electrodes have a diversified surface with different struc-
tures and coral-like distributions that enhance the catalytic behavior. 
Raman spectra, XRD and XPS show that different amorphous Ni oxides 
and hydroxides participate on the surface of the leached electrodes, and 
when the electrode is anodically polarized additional nickel oxy-
hydroxide is also formed. NiFeP/Zn coating showed a good performance 
after cyclic corrosion test and the passive layer formed is very stable. 
Finally, a Full-Cell test using the NiFeP/Zn coating as bifunctional 
electrodes displays a very low overpotential equal to 1.65 V at 10 mA 
cm− 2 for overall water splitting. 
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