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 Abstract:  Due to the increasing use of fossil fuels and their harmful impact on the 

environment, researchers are developing methods for producing environmentally friendly 

hydrogen that can effectively replace them. There are many methods for producing clean 

hydrogen, one of which is water electrolysis. Transition metal-based electrocatalysts play 

an important role in water electrolysis, serving as an alternative to expensive noble 

metals.In this work, the electrocatalytic and corrosion properties of Ni–W alloy coatings 

obtained by electrodeposition from a citrate electrolyte for the hydrogen evolution reaction 

are presented. X-ray diffraction analysis showed that the co-deposition of Ni with W leads 

to the formation of the chemical compound Ni₄W on the cathode surface. By recording 

linear polarization curves and subsequently constructing Tafel plots, the effect of tungsten 

content in the thin film on its electrocatalytic and corrosion properties was investigated. It 

was found that the films denoted in the article as Ni–W0.04, with a tungsten content of 

23.24 wt% and a geometric surface area of 2 cm², exhibited a Tafel slope of 93 mV dec-

1 and a corrosion rate of 0.528 mm/year, demonstrating the best electrocatalytic and 

corrosion properties in an alkaline medium. 
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1 Introduction 

 

As fossil fuel reserves are depleted and the demand for renewable energy increases, 

research into sustainable energy sources is becoming increasingly important. Green 

hydrogen is a clean energy source and a promising alternative to fossil fuels, whose use 

leads to greenhouse gas emissions into the atmosphere [1,2]. In addition to its use as a 

fuel, hydrogen is also important in industries such as oil refining and ammonia production 

[3–6]. This represents a global challenge that requires efficient large-scale hydrogen 

production methods. Although various hydrogen production methods are available, 

including steam reforming, coal gasification, and photoelectrochemical water splitting, 

steam reforming remains the dominant approach. However, due to high temperatures 

and significant CO₂ emissions, this process is neither economically nor environmentally 

viable [7]. Due to its high energy efficiency, environmental friendliness, and ability to 

produce pure hydrogen, water electrolysis has recently attracted significant attention from 

researchers as one of the most affordable, safe, and accessible methods of hydrogen 

production. This process involves two reactions: hydrogen evolution at the cathode (HER) 

and oxygen evolution at the anode (OER). The main challenge is the high energy 

consumption caused by slow reaction kinetics and the required potential (1.8–2.4 V), 

which significantly exceeds the theoretical value (1.23 V).Although noble metals and their 

oxides are currently the best electrocatalysts, their scarcity and high cost limit widespread 

industrial application. As a result, only about 4% of global hydrogen production is currently 

obtained via water electrolysis [8]. Considering that hydrogen is most commonly produced 

industrially from alkaline electrolytes, most studies focus on water electrolysis in alkaline 

solutions. Due to the stability of transition metals and their alloys in alkaline electrolytes, 

they are preferred for industrial hydrogen production, replacing platinum and other noble 

metals as electrodes for the hydrogen evolution reaction [9–12]. Recently, research has 

increasingly focused on the development of transition metal-based electrocatalysts for 

water electrolysis due to their improved catalytic properties, activity, enhanced stability, 

excellent corrosion resistance, and low production cost [13,14]. Among these, nickel-

based catalysts used in various forms (mesh, felt, and foam) demonstrate the best 

performance and are widely employed in large-scale applications. It is known that 

tungsten and molybdenum are two metals that cannot be electrodeposited from aqueous 

electrolytes. The deposition of these metals is only possible through induced co-

deposition [15]. In studies [16,17], the authors suggest that the co-deposition of Ni with 

W in a citrate electrolyte occurs via their complex compound [NiCitWO₂]⁻ₐdₛ. Citrate 



electrolytes are used for the deposition of tungsten with other elements, as they promote 

an increased tungsten content in the deposit [18,19].In this work, the electrocatalytic and 

corrosion properties of a Ni–W alloy coatings obtained by electrochemical deposition on 

a copper substrate from an acidic citrate electrolyte are investigated.In this paper, the 

influence of tungsten content on such important properties of electrocatalysts as 

morphology, structure, crystallite size, electrocatalytic activity, corrosion resistance and 

stability of Ni-W alloys obtained by electrolysis was investigated. 

 

2 Experimental  

 

The samples were synthesized on a copper plate substrate with a geometric surface area 

of 2 cm² for three samples and 0.5 cm² for one sample. The reagents used for the 

synthesis of the thin films were NiSO₄, (NH₄)₄W₅O₇, Na₃C₆H₅O₇, and H₃BO₃, all 

obtained from Sigma-Aldrich (Germany). Before deposition, the copper substrate was 

etched in an HNO₃:H₂O (1:1) solution, then rinsed with distilled water, ethanol, and 

acetone. 

 

2.1 Electrolyte preparation 

 

The electrolyte for the co-deposition of nickel and tungsten consisted of 0.08 M NiSO₄, 
0.2 M Na₃C₆H₅O₇, 0.1 M H₃BO₃, and (NH₄)₄W₅O₇ at three different concentrations: 0.01 

M, 0.03 M, and 0.04 M. The resulting thin films are hereafter referred to as Ni–W0.01 (a), 

Ni–W0.03 (b), and Ni–W0.04 (c). Sodium citrate was used as a complexing agent, and 

H₃BO₃ as a buffering component. To prepare the electrolytes, the weighed amounts of 

the initial reagents were sequentially dissolvd in 50 mL of distilled water at 333 K under 

stirring with a magnetic stirrer for 10–20 minutes until a clear solution was obtained. After 

preparation, the pH of the electrolyte was measured and found to be 4.2 for each solution. 

 

2.2 Electrodeposition of Ni–W alloys 

 

The samples for investigation were obtained by electrochemical deposition in 

galvanostatic mode. The electrodeposition process was carried out on a copper plate at 

a current density of 20 mA cm-² for 30 minutes at a temperature of 323 K. Platinum (Pt) 

with a surface area of 4 cm² was used as the anode. After electrodeposition, the 

samples were rinsed with distilled water and dried at room temperature. Since nickel is 



a component of the deposited film, copper was chosen as the substrate. Furthermore, 

copper has high electrical conductivity, is easy to surface treat before deposition, and is 

low cost, which is important for electrocatalysts in water electrolysis. The 

electrodeposition conditions were selected based on preliminary studies. Increasing the 

current density above 20 mA/cm2 resulted in the deposition of loose deposits that were 

poorly adhered to the substrate surface. The optimal current density for deposition was 

15–20 mA/cm2. 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 Schematic representation of the two-electrode electrochemical cell. 

Schematic diagram of the electrochemical setup used for galvanostatic electrodeposition 

of a Ni–W alloy coating on a copper substrate. The deposition was carried out at a current 

density of 20 mA cm⁻² and a temperature of 323 K. The figure also illustrates the 

electrolyte composition and configuration of the working and counter electrodes. 

 The thickness of the electrodeposited Ni–W0.04 specimen was measured as 9.29 μm, 

playing a pivotal role in governing the long-term corrosion resistance of the alloy coating. 

 

2.3 Electrochemical studies 

 

The electrocatalytic properties of the synthesized samples were investigated in a three-

electrode electrochemical cell. A platinum electrode was used as the counter electrode, 



and an Ag/AgCl electrode in saturated KCl solution was used as the reference electrode. 

The electrocatalytic properties of the obtained samples were studied in a 1 M KOH 

solution. Linear sweep voltammetry (LSV) measurements and chronopotentiometric 

studies were carried out using an IVIUMSTAT Electrochemical Interface potentiostat at a 

temperature of 298 K and a scan rate of 5 mV/s. Stability tests of the electrocatalysts and 

corrosion properties were evaluated by the chronopotentiometric method at a current 

density of 10 mA/cm² for 24 hours. Corrosion values were obtained by constructing Tafel 

plots. The surface morphology and elemental composition of the synthesized samples 

were determined using a scanning electron microscope (SEM) from JEOL (Japan), 

equipped with an energy-dispersive X-ray spectrometer (EDX) from Oxford Instruments. 

The phase composition of Ni–W0.04 after annealing at 773 K for 1.5 hours was determined 

by X-ray diffraction (XRD) analysis. 

 

3 Results and discussion 

 

3.1 X-ray diffraction analysis of Ni–W alloys 

 

The activity of an electrocatalyst is directly related to its electronic structure, the number 

of active sites, and surface morphology. The complexation of metal ions with ligands 

during synthesis has a decisive influence on these parameters. Nickel and tungsten 

complexes formed during deposition in the presence of sodium citrate slow down the 

reduction kinetics of nickel ions. 

Fig.2  X-ray diffraction pattern of the Ni–W₀.₀₄ alloy coating on a copper substrate. The 

XRD pattern illustrates the crystalline phases present in the deposited Ni–W₀.₀₄ alloy 



coating. The red, blue, and green squares indicate the diffraction peaks corresponding to 

the Ni₄W phase, the Cu substrate, and the Cu₂O phase, respectively. 

The incorporation of tungsten into the film changes the d-electron density of nickel, 

leading to the formation of intermediate hydrogen species. This effect increases the rate 

of the Volmer–Heyrovsky step in the hydrogen evolution reaction (HER) and reduces the 

overpotential. To determine the phase composition of the sample, X-ray diffraction 

analysis was performed (Fig. 2). The diffraction pattern shows two copper phases, Cu₂O 

and Cu, which are associated with the substrate material. It can be seen that co-

deposition leads to the formation of the chemical compound Ni₄W, whose peaks are 

relatively weak even when compared with reference peaks and correspond to its 

intermetallic phase. In some cases, the Ni₄W peaks overlap with those of Cu₂O, indicating 

that after annealing, the Ni₄W phase has not yet fully crystallized and represents a 

partially formed intermetallic phase close to the fully developed one [20]    X-ray diffraction 

analysis shows that Ni₄W peaks (red lines) are observed in the regions of 30°, 50°, and 

75°, confirming that the sample mainly consists of Ni₄W. Cu peaks (blue lines) are 

observed at 43° and 50°, which is explained by the substrate material. Cu₂O peaks (green 

lines), observed at 35° and 60–65°, indicate the oxidation of part of the copper substrate. 

The formation of copper(I) oxide occurs due to the contact of the sample with air during 

heat treatment, as well as the tendency of copper to oxidize easily. To obtain a fully ideal 

intermetallic Ni₄W phase, the elemental ratio should be 4:1. However, the fact that the 

film is deposited on copper, which tends to oxidize rapidly, hinders the formation of a fully 

intermetallic phase. The structural characteristics of the synthesized Ni–W0.04 alloy 

coating were comprehensively evaluated via X-ray diffraction (XRD) analysis, with the 

calculated parameters summarized in Table 1. The diffraction patterns confirm that Ni4W 

serves as the primary catalytic phase, exhibiting a tetragonal crystal structure with lattice 

constants of a = 5.732 Å and c = 3.554 Å. Additionally, a secondary Cu2O phase (cuprite) 

was identified, which is attributed to the interfacial oxidation of the copper substrate during 

thermal treatment. The calculated crystallite size for the Ni4W phase ranges between 10 

and 15 nm, indicating a nanostructured morphology that is conducive to enhanced 

electrocatalytic activity.  

 

Table. 1 Calculated lattice parameters, crystallite sizes, and Miller indices of the Ni–W₀.₀₄ 
alloy coating derived from XRD analysis 



Phase Crystal 
system 

Miller index(hkl) Lattice 
parameter (Å) 

Scherrer 
crystallite 
size / nm 

Notice 

Ni4W Tetragonal (111),(020),(211) a=5.732 
Å,c=3.554 Å 

10-15 nm Main phase 
 

Cu Cubic (111), (200) a=3.612 Å >50 nm Substrate 

Cu2O Cubic (111),(200),(220) a=4.268 Å 15-25 nm 
 

Oxidized 
transition 
layer 

 
The volume of the tetragonal lattice for the Ni4W phase is determined using the 

following relation: 

                                    V= a2 c = 5.732 . 3.554 = 116.77 Å3 

 116.77 Å3  value slightly exceeds that of the standard Ni4W phase, indicating a higher 

density of active sites on the catalyst surface. Furthermore, the calculated lattice 

parameters exhibit notable deviations from the standard values, which is primarily 

attributed to internal stress within the crystal structure. 

3.2 SEM and EDX analysis of alloys 

SEM analysis was used to study the surface morphology of the synthesized samples, 

providing extensive information about the surface structure of the electrocatalysts. Figure 

3 shows SEM results for three Ni–W thin film samples with different tungsten contents. 

As seen from the figure, a high tungsten content on the electrode surface increases its 

roughness and heterogeneity, which affects the electrocatalytic efficiency of water 

splitting [21,22]. The surface of the Ni–W0.01 sample appears more granular and uniform. 

As the concentration of tungsten ions increases in Ni–W0.03, specific clusters and 

protrusions begin to form on the surface. The analysis shows that the surface of the Ni–

W0.04 sample is rougher and more pronounced compared to the other two samples. It can 

be concluded that increasing the concentration of tungsten ions leads to higher 

roughness, heterogeneity, and porosity of Ni–W thin films, which contributes to an 

increase in the electrochemically active surface area (ECSA). This significantly affects 

the electrocatalytic properties and stability of the electrocatalyst.      SEM analysis showed 

a gradual increase in crystallite size from sample a) to sample c). The average size of 

structural elements with increasing W content in the alloys increases from approximately 

0.5–1.5 μm to 3–6 μm and is accompanied by a transition from a fine-grained dense 

structure to a coarser-grained and heterogeneous surface morphology. 

 



  

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 SEM images of Ni–W alloy coatings.(a–c) SEM micrographs of Ni–W₀.₀₁, Ni–W₀.₀₃, 
and Ni–W₀.₀₄ coatings, respectively. In panels (d–f), the EDS maps for Ni (Kα₁) show a 

uniform distribution (red color). In panels (g–i), the EDS maps for W (Lα₁) demonstrate 

an increasing tungsten concentration and homogeneous dispersion (green color) with 

increasing tungsten content. The scale bars in (a–c) correspond to 20 µm. All EDS 

analyses were performed on cross-sections to evaluate elemental distribution and 

uniformity. 

                                    Ni-W0.01 (a), Ni-W0.03 (b) and Ni-W0.04 (c). 

As seen in Figure 4, nickel (Kα₁) and tungsten (Lα₁) are uniformly distributed over the 

substrate surface in all three samples, with an increasing tungsten content in the deposits 

from left to right (green color). Figure 4 presents the EDX analysis results for all three Ni–

W thin film samples with different tungsten contents. In all three spectra, the peaks of Ni 

and W are clearly visible. The small amount of carbon (C) and oxygen (O) peaks is 

attributed to their adsorption from the atmosphere and surface oxidation of the films. 



Fig.4 EDX spectra of Ni–W alloy coatings with different tungsten contents. 

EDX spectra of Ni–W coatings with different compositions: Ni–W₀.₀₁ (a), Ni–W₀.₀₃ (b), 

and Ni–W₀.₀₄ (c). The spectra confirm the presence of nickel and tungsten and show 

variation in tungsten content among the samples. 

Table 2 presents the quantitative composition of all three Ni–W alloy samples with 

different tungsten contents. 

Table. 2 EDX quantitative analysis of Ni-W alloys 

Element Ni-W0.01 Ni-W0.03 Nickel-W0.04 
Nickel 31.80 % 52.77 % 55.65 % 
Wolfram 9.40 % 12.28 % 23.24 % 
Oxygen 45.74 % 30.21 % 21.21 % 
Carbon 12.99 % 4.74 % - 

As can be seen from Table 2, all samples contain oxygen, which is produced by annealing 

in air. According to current literature, oxide electrocatalysts based on Co, Ni, Fe, and 

mixed oxides exhibit high activity in water electrolysis. A significant increase in catalytic 



activity is achieved through the creation of oxygen vacancies, doping with transition 

metals, and the formation of heterostructured surfaces. EDX analysis shows that with 

increasing tungsten content in the sample, the intensity of the nickel peak decreases, 

which is related to the atomic weight of tungsten. Being a heavy element, tungsten 

strongly scatters the incident electron beam and absorbs nickel signals. Another issue is 

associated with electrochemical deposition, in which a very high amount of energy is 

transferred to the system, leading to the formation of a metastable phase. In a metastable 

phase, the system has high energy and remains in a non-equilibrium state. During 

electrodeposition, atoms are arranged so closely that they do not have sufficient time to 

form an ordered structure, remaining in a strained state and creating microdeformations 

known as internal stress. This results in the formation of a large number of defects, which 

enhance the electrocatalytic activity of the electrocatalyst. It is known that water 

electrolysis consists of three stages: Volmer, Heyrovsky, and Tafel. All three equations 

describing the hydrogen evolution reaction steps are given below 23,24. 

H2O + e-+ M → M-Hads + OH-             Volmer step (b=-120 mV dec-1)   (1) 

M-Hads+ H2O + e-→ M + H2 + OH-      Heyrovsky step (b=-40mV dec-1) (2) 

2 M-Hads  → 2M + H2                                         Tafel step (b=-30 mV dec-1)         (3) 

     The formation of a metastable phase facilitates water electrolysis by generating 

a large number of active sites, which enhance the electrocatalytic activity of the catalyst 

and reduce the Tafel slope [25]. This leads to the predominance of the Volmer–Heyrovsky 

pathway and very rapid hydrogen adsorption. 

 

3.3 Electrocatalytic activity of coatings in the hydrogen evolution reaction 

 

The electrocatalytic activity of the Ni–W electrocatalyst was investigated by recording 

linear polarization curves in 1 M KOH solution at room temperature (Fig. 5). The 

experiment was carried out using three different samples with a constant nickel content 

but varying tungsten concentrations. In addition, designated as Ni–W0.04 in the figure, was 

also tested and showed high catalytic activity more than other samples in 1 M KOH 

solution. According to the Sabatier principle, the M–H bond energy is relatively close to 

the peak of the Ni volcano plot. The addition of tungsten modifies the electron density, 

leading to a decrease in the Tafel slope [26–28]. 

 



 

 

 

 

 

 

 

 

 

 

Fig.5 Linear sweep voltammetry curves of Ni–W alloy coatings. 

LSV curves of Ni–W alloy coatings recorded in 1 M KOH at 298 K with a scan rate of 5 

mV s⁻¹, illustrating the electrocatalytic behavior of the samples. 

 

The electrochemical parameters obtained from linear voltammetry data were fitted into 

the Tafel equation. The studies showed that an increase in tungstate ion concentration in 

the Ni–W alloy has a positive effect on the electrocatalyst properties, leading to a 

decrease in the Tafel slope. Such high efficiency is attributed to the large real surface 

area and high density of active sites in the alloy [29–31]. It was established that increasing 

the tungsten content in the Ni–W thin film enhances the efficiency of the electrocatalyst 

in the hydrogen evolution reaction (HER). Most likely, tungsten ions modify the electronic 

structure of the alloy, which is crucial for HER performance. In addition, increasing 

tungsten content significantly affects the amorphous nature of the electrocatalyst [32]. As 

mentioned earlier, the alloys were deposited on a pure copper electrode. According to 

the Sabatier principle, pure copper is poorly suited for the HER because it weakly binds 

H⁺, which hinders proton adsorption. However, nickel and tungsten ions deposited on its 

surface facilitate this process, and the Volmer–Heyrovsky mechanism becomes 

dominant. The Ni–W alloys on the copper electrode—Ni–W0.01 (a), Ni–W0.03 (b) showed 

Tafel slope values of 118 and 109 mV dec⁻¹, respectively, while the Ni–W0.04 sample 

exhibited a Tafel slope of 93 mV dec⁻¹. The good electrical conductivity of copper and the 

large electrochemically active surface area of the Ni–W alloy contribute to the reduced 

Tafel slope compared to a pure nickel electrode [33,34].  



 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6 Tafel plots of Ni–W alloy coatings for the hydrogen evolution reaction. 

Tafel plots of Ni–W coatings with different compositions obtained from polarization 

measurements in 1 M KOH solution, used to evaluate the kinetics of the hydrogen 

evolution reaction (HER). 

 

Apparently, the real surface areas of these samples are close to each other; however, 

the density of active sites in the Ni–W0.04  sample is higher, which significantly affects the 

Tafel slope [35,36].  

 

 



Fig 7. Schematic illustration of the hydrogen evolution reaction (HER) mechanism on the 

surface of the amorphous Ni–W catalyst electrodeposited on a Cu foil substrate. The 

diagram highlights the disordered atomic structure characterized by abundant surface 

defects and coordinatively unsaturated sites (CUS).  

 

 The multi-step alkaline HER pathway is depicted, showcasing the initial water 

dissociation and proton adsorption (Volmer step) followed by molecular hydrogen 

coupling and release (Tafel/Heyrovsky step) over the synergistic Ni–W active clusters. 

The direct, continuous contact with the underlying sub-micron Cu foil substrate ensures 

efficient electron transport during high-rate electrolysis. 

Apparently, the real surface areas of these samples are close to each other; however, 

the density of active sites in the Ni–W0.04  sample is higher, which significantly affects the 

Tafel slope [35,36].The electrochemical and kinetic parameters of Ni–W samples with 

different compositions are presented in Table 3. The table shows the values of the 

exchange current density (j₀), which represents the reaction rate at equilibrium, the 

overpotentials at 10 mA cm-² and 100 mA cm-², as well as the Tafel slope values for each 

of the four samples. 

Table.3 Electrochemical kinetic parameters obtained from Tafel plots for different Ni–W 

alloys in 1 M KOH. 

Test sample Tafel slope(b) j0(mA cm-2) η10(mV) η100(mV) 

Ni-W0.01 118 mV dec-1 7.9 x 10-5 318 436 
Ni-W0.03 109 mV dec-1 1.2 x 10-4 272 381 
Ni-W0.04 93 mV dec-1 2 x 10-4 224 317 

 

By comparing the kinetic and electrochemical parameters of all four samples, it can be 

concluded that the Ni–W0.04 sample exhibits the best electrocatalytic performance 

compared to the other samples in the hydrogen evolution reaction.  

 

3.4 Cyclic voltammetry (CV) 

 

Figure 8 shows cyclic voltammetry curves in different scan rates.  



 

 

 

 

 

 

 

 

 

 

 

Fig. 8 CV curves Ni–W0.04 alloy coating, 1 M KOH and 298 K 

The cyclic voltammetry (CV) profiles reveal a well-defined redox couple, where the anodic 

peak observed at approximately 0.45 V corresponds to the oxidation of Ni(OH)2 to 

NiOOH, while the cathodic peak at circa 0.30 V signifies the subsequent reduction of 

NiOOH back to Ni(OH)2. As the scan rate increases from 10 mV/s to 120 mV/s, a 

progressive shift in the peak potentials is observed: the anodic peaks shift toward more 

noble (positive) potentials, and the cathodic peaks migrate toward more negative values. 

This phenomenon indicates the emergence of kinetic limitations at higher sweep rates, 

primarily attributed to ohmic polarization and mass transfer constraints within the 

nanostructured electrode. Furthermore, the increasing peak potential separation with the 

scan rate confirms the quasi-reversible nature of the electrochemical redox process on 

the synthesized Ni–W0.04 surface. 

            
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9 Dependence of Peak Current on the Square Root of Scan rate (ip vs v1/2)  



Figure 9 illustrates the linear dependence of the peak current (ip) on the square root of 

the scan rate (v1/2) for the hydrogen evolution reaction (HER) in a 1 M KOH electrolyte. 

As clearly observed from the plots, the peak current scales linearly with v1/2, which 

rigorously demonstrates that the electrocatalytic process is governed by a diffusion-

controlled mechanism. This behavior implies that even if the electrocatalyst possesses 

exceptionally high intrinsic catalytic activity, the overall reaction rate is ultimately restricted 

by mass transport limitations; namely, the rapid consumption of electroactive species at 

the electrode/electrolyte interface outpaces their diffusion rate from the bulk solution. 

Furthermore, by applying the classical Randles-Sevcik equation to the experimental data, 

a high determination coefficient (R2 = 0.9986) was achieved, confirming an excellent 

linear fit. Based on this linear regression, the diffusion coefficient of the electroactive 

species was calculated to be D = 1.26 x 10-7 cm2/s, further substantiating the diffusion-

limited kinetics of the synthesized thin-film electrodes during alkaline water electrolysis. 

3.5 Calculation Electrochemical active surface area (ECSA) 

 

 The electrochemically active surface area (ECSA) was estimated based on the Cdl 

method. The following equations, (1)  describe the mathematical approach utilized for 

the ECSA calculation. 𝐸ܣܵܥ = ஼ௗ௟ ஼௦                             (1) 

The double-layer capacitance (Cdl) was found to be 2.483 mF, which represents a 

significantly high value and underscores the exceptional electrocatalytic activity of the 

catalyst surface. The real surface area of the Ni-W0.04 alloy synthesized on the Cu 

substrate was determined to be 62.08 cm². This value represents a significantly high 

ECSA, which subsequently allows for the calculation of the Roughness Factor (Rf) 

                                         Roughness Factor =
ECSAAgeo     (2)  

The roughness factor (Rf) was calculated to be 31.04, indicating that the ECSA is 18.92 

times greater than the geometric surface area. This high Rf value confirms the 

significantly expanded active surface of the synthesized Ni-W0.04 alloy. 

Figure 10 shows the Gibbs free energy dependence for the hydrogen evolution reaction 

in the presence of Ni–W coatings. The energy landscape appears to consist of two 

stages: TS1 (the Volmer step) and TS2 (the Heyrovsky step). The first transition state 

(TS1) corresponds to water dissociation (Volmer step), while TS2, the second transition 

state, corresponds to hydrogen desorption (Heyrovsky step). As can be seen from the 



figure, the Ni–W0.01 sample, which showed a high Tafel slope value of 118 mV dec⁻¹, 
demonstrated lower activity in reducing the energy barrier compared to the other three 

samples. 

 

 

Fig.10 Schematic Gibbs free energy diagram for the hydrogen evolution reaction. 

Schematic representation of the Gibbs free energy profile for HER on Ni–W alloy 

electrodes with different Tafel slopes (118, 109 and 93 mV dec⁻¹ ), illustrating the 

relationship between energetics and catalytic activity. 

 

The rate-determining step (RDS) is defined by the highest energy barrier (transition state) 

in each profile. The kinetic shift from the Volmer RDS (highest peak at TS1) to the 

Heyrovsky RDS (highest peak at TS2) for the optimal Ni–W0.04 catalyst corresponds to 

the observed sharp decrease in the Tafel slope. Such a low Tafel slope value is 

associated with a large number of active sites and their high density in the Ni–W0.04 

sample compared to the other samples, making the Volmer step rate-limiting in this case. 

The energy profile clearly shows that water electrolysis on the Ni–W0.04 electrode 

significantly lowers the activation energy of the hydrogen evolution reaction. It is also 

possible that the reduction in geometric surface area leads to an increase in the density 

of active sites per unit area, which also affects the electrocatalytic activity of the films. 



This may explain the difference in Tafel slopes for two samples with identical composition 

but different geometric surface areas. 

 

 

3.6 Electrochemical İmpendance Spectroscopy ( EIS) Ni-W alloy coatings 
 

Electrochemical Impedance Spectroscopy analysis (EIS) of Ni-W alloys and their 

corresponding equivalent circuit models in Figure 8 

    

 

Fig. 11 Ni-W alloy coatings EIS analysis of Nyquist plots  

 

 Analysis of the presented Nyquist plots and their corresponding equivalent circuit models 

reveals a depressed semicircle in each spectrum, which is attributed to the Constant 

Phase Element (CPE). As a result of the electrochemical impedance spectroscopy (EIS) 

analysis, the CPE parameters for the Ni–W0.04 catalyst were determined as Y0 = 0.51 S 

sn and n = 0.64. The significant deviation of the n parameter from the ideal capacitive 

behavior (n = 1) is attributed to the high surface roughness and heterogeneity of the 

coating. Consistent with the SEM analysis discussed above, an increase in the tungsten 

ion content leads to enhanced surface roughness, significantly affecting the roughness 

factor. Based on the EIS data, the Hydrogen Evolution Reaction (HER) proceeds most 

rapidly on the Ni–W0.04 sample. The corresponding circuit model for this sample exhibits 

a single time constant, indicating a localized process occurring at the electrode-electrolyte 

interface. In contrast, the EIS analysis of the Ni–W0.03 and Ni–W0.04 alloys suggests the 

occurrence of multiple surface processes. For the Ni–W 0.03 sample, the transition to 

Warburg diffusion control over time reflects the increased complexity of the electrode 



surface. Similarly, the Ni–W0.04 alloy demonstrates two distinct surface processes, further 

highlighting the system's complexity. Finally, the Ni–W0.01 sample shows that the process 

is diffusion-limited, exhibiting the lowest HER activity among the four samples. 

3.7 Fourier-transform alternating current voltammetry (FTacV) analysis. 

 Recently, Fourier-transform alternating current voltammetry (FTacV) analysis has been 

widely used to investigate the kinetics of reactions with complex kinetic mechanisms, 

especially those involving water electrolysis, as it can provide extensive information about 

reaction kinetics [37,38]. Figure 9 shows the Fourier-transform alternating current 

voltammogram (FTacV) of the electrodeposited Ni–W0.04 coating. Fig. 9. 1st and 2nd 

harmonic signals are given in the figure below. 

 
Fig.12.FTacV response of Ni–W₀.₀₄ coating 
 
The peaks in the figure correspond to hydrogen adsorption/desorption (Hads) processes 

on different active sites. FTacV analysis performed at a frequency of 100 Hz and an 

amplitude of 10 mV shows that the Ni–W0.04 electrocatalyst exhibits high activity in alkaline 

media. The second harmonic obtained from the FTacV analysis is also presented. The 

broad and widely separated peaks are associated with the amorphous nature of the 

sample. The asymmetric shape of the peaks indicates the irreversibility of the reaction, 

while their large number suggests that the reaction proceeds via multiple mechanisms 

[39]. The figure on the left displays the 1st harmonic signal, which represents a broader 

integrated form of the 2nd harmonics. The peaks between -0.8 V and -1.0 V indicate rapid 

kinetic processes, and as the potential shifts toward -1.4 V, mass transport processes 

become more dominant. The second graph presented on the right illustrates the second-

harmonic analysis. The doublet peaks observed around -0.6 V and -0.65 V, which are 

relatively higher than the others, indicate the initial activation zone. These peaks 



correspond to the initial hydrogen adsorption process. Meanwhile, the peak located 

around -0.9 V represents the Volmer step. Additionally, the peak at approximately -1.15 

V signifies hydrogen desorption, whereas the peak at -1.2 V marks the onset of the 

diffusion-controlled stage. 

3.8 The stability testing of Ni-W alloys samples and corrosion parameters. 

Chronopotentiometry or chronoamperometry is a very important method for studying the 

long-term stability of electrocatalysts. Figure 10 shows the stability of the obtained alloys 

in 1 M KOH at a current density of 10 mA cm-². The prepared samples demonstrated 

stability for 24 hours, which can be considered a good result for laboratory testing.        

 

  

 

 

 

 

 

 

 

 

 

 

Fig.13. Stability test of Ni–W samples in 1 M KOH over 24 hours at 10 mA cm-². 

 

Corrosion resistance and corrosion rate in the operating medium are important 

parameters for every electrocatalyst used in hydrogen evolution reactions. Since alkaline 

electrolytes are commonly used in industrial hydrogen production, the corrosion 

properties of the obtained films were investigated in an alkaline medium. Table 4 presents 

the corrosion parameters of the Ni–W alloys. As can be seen from the table, the Ni–W0.04–

0.5 alloy exhibits high corrosion resistance and a low corrosion rate in alkaline solution.The 

chronopotentiometric curves in Figure 9 for the four samples show that after stability 

testing in 1 M KOH for 10 hours, no degradation of the samples was observed, and the 

materials remained stable. Interestingly, although the optimized Ni–W0.04 (blue curve) and 

Ni–W0.04–0.5 (green curve) samples stabilized at a slightly more “noble” (positive) potential, 

this corresponds to the highest polarization resistance (1252.4 Ω·cm² and 1364 Ω·cm²) 



and the lowest corrosion rate, as shown in Table 4 [40]. The values presented in Table 4 

were calculated using the Stern-Geary equation. 

                                             Rp=
஻௜௖௢௥ 

                                                      B= ఉ௔ఉ௖2.3(βa+βc) 
Table.4 Corrosion parameters of the  Ni–W alloy coatings. 

Alloys Ni-W 
test 

samples 

Ecor,obs(V) Jcor(mA cm-2) Area specific 
resistance A/Ohm 

cm2 

Corrosion rate, 
mm/Year 

Ni-W0.01 -0.243 V 6.666 x 10-5 581.6 1.182 
Ni-W0.03 -0.420 V 5.662 x 10-5 763.0 0.765 
Ni-W0.04 -0.636 V 4.523 x 10-5 1252.4 0.528 

This indicates a delicate balance in which high surface stability reduces excessive 

electrochemical overpotential, leading to the formation of a robust and durable catalyst 

surface that is ideally suited for continuous alkaline water electrolysis. 

 

3.9 Comparison of the electrochemical performance of the developed 

electrocatalyst with previously reported literature 

 

Table 5 presents a comparison of the Ni-W0.04 alloy with other Ni-W-based samples. A 

comparison of the overpotential values at a current density of 100 mA cm-2, alongside the 

Tafel slopes, reveals that the Ni-W0.04 alloy exhibits superior catalytic activity for the HER 

compared to the other counter-samples. This confirms the reliability of the obtained 

results and demonstrates their comparability with previous literature. Furthermore, these 

findings validate that Ni-W alloys synthesized on copper foil can serve as highly efficient 

electrocatalysts for the HER. 

Table.5  Comparison of electrocatalytic performance for Ni–W alloy coatings 

Electrocatalyst Media Overpotential 
(η), (mV) 

Tafel values 
mV dec-1 

References 

PNiW5-6 1 M NaOH η100=331 111 43 
Ni–23W 1 M KOH η100=556 - 41 
Ni-W0.04 1 M KOH η100=317 93 This work 
Ni–32W 1 M KOH η100=534 - 41 
Ni–6W 1 M KOH η50=668 168 42 

CNiW10-1 1 M NaOH η50=341 92 43 
Ni-W 1 M KOH η100=602 - 41 

 



 

Conclusion 

  Ni–W alloy coatings were successfully fabricated via galvanostatic 

electrodeposition from a citrate electrolyte. The morphology, elemental composition, and 

electrochemical properties of the prepared alloys were systematically investigated using 

SEM, EDX, linear sweep voltammetry (LSV), and chronopotentiometric measurements. 

The as-deposited Ni–W0.04 alloy coatings exhibited an amorphous structure; however, 

post-deposition annealing at 773 K for 1.5 hour induced phase transformation into a 

tetragonal Ni4W intermetallic phase, as confirmed by XRD analysis. Long-term stability 

tests lasting 24 hours demonstrated that the alloys effectively maintained their initial 

structural integrity. Increasing the concentration of tungsten ions was found to exert a 

positive effect on the film thickness, electrocatalytic efficiency, and corrosion resistance 

of the alloys. Furthermore, EIS and FTacV analyses confirmed the superior performance 

of the Ni–W0.04 alloy toward the hydrogen evolution reaction (HER). This outstanding 

electrocatalytic activity was further supported by the enhanced electrochemical active 

surface area (ECSA) and double-layer capacitance Cdl values. Notably, the elevation of 

these parameters led to a significant reduction in both the Tafel slope and the 

overpotentials at current densities of 10 and 100 mA cm-2, thereby underscoring the 

exceptional overall efficiency of the developed electrocatalyst. 
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XRD – X-ray Diffraction 
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