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A B S T R A C T   K E Y W O R D S  

Nanostructured Cu-WC composite coatings were electrodeposited by co-deposition process onto pretreated steel 

substrate from an acidic sulfate electrolyte bath containing various amount of dispersed WC powder. The analysis by 

scanning electron microscopy shows those Cu-WC composite coatings containing cracks and random distribution of 

the oval-shaped WC particles. The X-ray diffraction (XRD) reveals that the structure of Cu-WC coatings is controlled 

by the WC powder amounts in the electrolyte baths. The average crystallite size was calculated by use X-ray diffraction 

analysis and its increasing is proportional to the enhancement of WC solid particles amount. The crystallite structure 

was fcc for electrodeposited Cu-WC nanocomposite coatings. The potentiodynamic polarization and electrochemical 

impedance spectroscopic studies reveal that grain refinement offers the best corrosion resistance. Arabic gum shows 

that it is an anodic inhibitor with high inhibitor efficiency reaches 70.95%. IR spectroscopy analysis shows several 

functional groups responsible for high inhibitor efficiency. 
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1 Introduction 

Corrosion affects all the engineer’s achievements: energy production, civil 

engineering, transport, machinery, medical materials, micro-electronic components, etc 

[1–7]. Corrosion protection consists of several actions, namely: the right choice of materials 

[8–10], the right shape of the parts, the addition of inhibitors to the aggressive medium 

[11,12], the use of coatings, electrochemical protection [13], etc. 

Electrodeposition of composite coatings is one of the protective processes, most 

widespread against corrosion thanks to the special properties conferred on them by the 

incorporation of solid particles which are prepared by electrolytic co-deposition [14,15]. In 

recent years, the electrodeposition method has been used more and more because it has 

certain advantages. It is more economical in terms of materials and equipment, and also 

simple to use and allows creating large surfaces of geometric shapes complex [16]. 

A characteristic feature of these studies is drawing attention to the composite 

coatings based on a metallic matrix. They have several functional characteristics, including 

good abrasion resistance, good lubricating properties, increased hardness, good corrosion 

resistance and high catalytic activity in the selected electrode process [16]. The copper is a 

malleable and ductile metal with excellent electrical conductivity and finds extensive use 

as an electrical conductor and heat, as a building material, as well as a component of 

different alloys [15,17–24]. The electrodeposition of Cu/solid particles composite coatings 

have been extensively studied by various morphological characteristics, electrical 

properties and corrosion resistance, but less attention was paid to their mechanical 

behaviour and its relationship with electrodeposition parameters [25–27]. A variety of 

composite coatings with different characteristics can be made, allowing the mechanical 

properties of coatings to be adapted for specific applications [14]. 

Hydrogen production, storage and use in an economical way to take on the utmost 

importance to many researchers. Its production projects are funded by many countries to 

use it as an alternative and clean energy. Numerous researches have clarified the main 

challenges of the H2 industry to facilitate its use as alternative energy to fossil fuels [28,29]. 

The hydrogen evolution reaction (HER) is very important and has been studied in a wide 

range of aggressive media and electrode materials [30]. Iron metal (Cu, Ni, etc) alloys with 

incorporated solid particles are used as electrode materials and characterized by catalytic 

properties during various electrochemical processes, including hydrogen evolution 

process.  

This work aims to investigate the effect of tungsten carbide amount in the 

electrolyte baths on morphology, structure and electrochemical properties as well as 

hydrogen evolution reaction (HER) using potentiodynamic polarization and 

electrochemical impedance spectroscopy methods. In addition, the effect of Arabic gum 
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as an inhibitor on the hydrogen evolution of Cu-WC as cathode in 3.5 % NaCl corrosion 

medium has been studied. 

2 Experimental  

2.1 Preparation of Cu-WC coatings 

This study involves the electrodeposition and characterization of Cu/WC 

composite coatings electrodeposited on pretreated steel substrates (P265NB) to investigate 

the effect of tungsten carbide amount on the properties of developed deposits. This study 

led us to optimize the various electrodeposition parameters, namely: current density, 

temperature, stirring speed and the deposition time. The characterization of these 

developed composite coatings, therefore, requires appropriate analytical methods for each 

of these properties. 

To guarantee the enrichment of electrolytic baths by copper ions, and to the 

homogeneity of deposits, we used rectangular plates of pure copper (99.99%) as anodes, 

whereas steel substrates were used as cathode. Before deposition, the substrates have to be 

degreased electrolytically in 50 g/l Na2CO3 + 15 g/l NaOH solution for 3 min at 2 A/dm2 

to remove oil and greases, then pickled in 10% HCl solution to remove oxide traces [31]. 

Electrodeposition was carried out at an ambient temperature from economic and 

strong acidic sulfate electrolyte baths (pH =1), containing CuSO4.5H2O-80g/l and H2SO4-

20g/l, whereas, the concentration of WC particles ranged from 5 to 25 g/l (Table 1). The 

electroplating time and current density are fixed at 30 min and 5 A/dm², respectively. 

Table 1. Bath composition and deposition conditions for Cu-WC composite coatings. 

Compositions (g/l) CuSO4.5H2O 80 

 H2SO4 
WC powder 

20 

5, 10, 15, 20 and 25 

Conditions Current density (mA/cm2) 50 

 pH 1 

 Time (min) 30 

 Temperature (°C) 25 

2.2 Characterization of Cu-WC coatings 

The morphology of Cu-WC composite coatings was investigated using a JSM-

6390 Lv scanning electron microscopy (SEM). Structural investigations and phase 

composition were conducted by the XRD method using a Bruker diffractometer (D8 

Advance model) with Cu Kα-radiation (1.5406 Å). The mean crystal sizes were 

determined from the peak width using Scherrer’s equation modified by Warren and Biscoe 

[27,31,32]: 

Where, θ is the position of the peak in the diffractogram, β is the integral peak broadening 

(in radians) which is approximately the full width at half maximum (FWHM) value, λ is 

the wavelength (in A°), and is the grain size. For estimating the crystal size, an average 

value is considered to be FWHM (or β). 

To study the electrocatalytic properties as well as the hydrogen evolution reaction 

(HER) of Cu-WC composite coatings, the samples were immersed in 3.5 % NaCl and 3.5 

% NaCl + 0.5 g/l Arabic gum corrosion media for 1h. Potentiodynamic polarization 

measurements were conducted at a scanning rate of 0.5 mV/s by using a standard three-

electrode cell with the coated sample as a working electrode, Pt as the auxiliary electrode 

and saturated calomel electrode as a reference electrode. The corrosion potential (Ecorr) or 

corrosion current (icorr) for the specimens was determined by calculating the cathode and 

anode Tafel curves provided by Volta Master 4 software. 

The HER activity of resulting Cu-WC coatings was also evaluated in 3.5 % NaCl 

and 3.5 % NaCl + 0.5 g/l Arabic gum corrosion media for 1h by impedance (EIS) method, 

which is carried out using a device model (Potentiostat/Galvanostat PGZ 301) and a 

frequency range between 10 kHz and 50 mHz. To satisfy the linearity condition of the 

response of the electrochemical system studied, the amplitude of the disturbance voltage 

(ΔE) must be quite low: for all experiments, a value of 10 mV was fixed. The EIS plots are 

fitted using EC-Lab software. 

IR spectroscopy is one of the most effective methods for identifying organic and 

inorganic molecules from their vibrational properties. To study the different functions of 

the organic inhibitor using FTIR technique, the powder (Arabic gum) was analyzed in 

comparison with KBr (reference element), in order to know the effective functional groups 

attributed to the inhibitor efficiency. 

3 Results and Discussion 

The morphology of Cu-WC composite coatings electroplated at various WC 

powder amount is shown in Fig. 1. It is obvious that the presence of WC solid particles 

incorporated into the copper matrix significantly widens the actual surface of the composite 

coatings. The observation of the different deposits by scanning electron microscopy leads 

us to say that these composite Cu-WC coatings are heterogeneous, compact and have some 

cracks due to internal stresses caused by the intensification of the hydrogen reaction (HER). 

The effect of the WC powder amount on Cu-WC coatings morphology is clearly observed 

by the increase of oval-shaped WC solid particles incorporated into the copper matrix as 

the WC amount increases (Fig.1). In addition, we observe that WC particles are randomly 

distributed in the surface of the deposit, possibly due to the effect of hydrogen bubbles form 

on the surface of the samples under the influence of baths acidity. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1. XRD patterns of Cu-WC composite coatings 

electrodeposited at different amount of WC powder. 

 

Fig.2. SEM images of Cu-WC composite coatings electrodeposited at 

various amount of WC particles: (a) 5g/l, (b) 10g/l, (c) 15 g/l, (d) 20g/l, 

(e) 25g/l. 

XRD patterns of Cu-WC composite coatings were treated by X’pert high score 

plus software, based on PDF4 file to revels the phases. Fig. 2 shows that the structure is 

well crystalline and all the peaks are well resolved. It can be seen that the preferential plane 

is influenced by tungsten carbide amount, these [(1 1 1) and (2 2 0)] planes are relative to 

the cubic Cu phase (ASTM reference code 00.003.1018). At the concentrations 5, 10 and 

𝜏 =
0,94. λ

β. cosθ
 (1) 
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15g/l of WC powder, XRD patterns revels the WC phase at 2theta: 25-26°, 45-46° and 82-

83° corresponding to the following planes: (2 1 0), (2 0 6) and (4 4 4), respectively; (ASTM 

reference code 00.020.1314). At 5 and 10 g/l concentrations of WC, we observe the 

presence of undesirable peaks which are the most intense relative to the Fe4Cu3 phase 

(ASTM reference code 00.042.1067). This can be explained by the fact that the reduction 

of Cu and Fe cations is more favorable than the incorporation of WC particles. This 

phenomenon is reduced to the oxidation of steel substrates under the effect of high 

electrolyte baths acidity (pH=1). In addition, Fe4Cu3 phase is formed at low concentration 

of WC solid particles in the electrolytic baths, thanks to the richness of the interface 

substrates-electrolyte by the electrons under the effect of applied current density and the 

high overvoltage of hydrogen on Fe. Based on the above, we can conclude that the low 

amount WC particles leads to its poor distribution and the low development of the 

crystalline structure subjected to convective movements by Cu2+ cations; which implies the 

low incorporation of WC by the charge transfer reaction at the cathode. 

The effect of WC amount on the grain size of Cu-WC composite coatings is 

shown in Fig. 3. It is observed that the increase of the grain size is proportional to the 

enhancement of WC solid particles amount in the electrolytic baths. This result is 

associated with the reduction of the main peak intensity with the increase of the WC 

particles amount (Table 4). 

 

Fig.3. Grains size of Cu-WC composite coatings 

electrodeposited at different amount of WC powder. 

Fig. 4 presents the potentiodynamic polarization plots of the Cu-WC 

nanocomposites coatings immersed in 3.5 % NaCl and NaCl+0.5 g/l Arabic gum solutions 

for 1 h at ambient temperature. Table 2 and 3 portrayed the electrochemical kinetic 

parameters which are determined from the intersection of the anodic and cathodic Tafel 

lines extrapolation. The inhibitory efficiency was estimated from the following equation 

[33]: 

icorr
inh − icorr, are the corrosion current densities with and without using the inhibitor, 

respectively. 

Table 2. Results of polarization measurements for Cu-WC coatings in 3.5% NaCl solution. 

The resulting Tafel plots displayed the highest corrosive resistance (1030 

ohm.cm²), and the lowest corrosion current density for Cu-WC nanocomposite coatings 

synthesized at 10 g/l of WC (Table 2). Furthermore, the corrosion rate (294.4 μm/y) of this 

sample is lower than for the other types. It is evident that the corrosion current density 

values are disproportionate to the grain size. It is well-known that grain refinement leads to 

improvements in corrosion resistance. Ralston and Birbilis [34] explained that the existing 

literature is often contradictory, even within the same alloy class, and a coherent 

understanding of how grain size influences corrosion response is largely lacking. Srikant 

Gollapudi [35] has suggested that the broader grain size distribution leads to higher 

corrosion resistance in the active environment whilst the broader grain size distribution 

leads to lower corrosion resistance in the passivating environment. [36] et al.  have also 

suggested that linear polarization resistance (Rp) showed a clear trend of increasing Rp value 

with grain refinement. The main results of Ben-Hamu et al. [37] show that when zirconium 

is added to refine the grain size, the corrosion resistance of the alloy is significantly 

improved. Based on the above, the corrosion current density values for copper layers do 

not match the aforementioned hypotheses. Therefore, we believe that the corrosion 

resistance is not affected only by the grains size of the surface, as this hypothesis is valid 

only in the case of uniform distribution and complete coverage of the surface by the grains, 

which implies that if the surface contains pores or cracks as is the example in this study, the 

resistance corrosion is subject to several combined factors. In general, we observe the 

increase in corrosion current density values with the increase of the amount of toilet in 

electrolyte baths, but not gradually as well as the grain size. The corrosion current density 

of the working electrode in 3.5% NaCl is equal to 29.6 μA/cm2. After the injection of the 

inhibitor (Arabic gum) in the same condition as the test without inhibitor (T = 25 ° C, 

immersion time = 1h to allow the formation of the protective film), the measurement of icorr 

gives the value 11.94 μA/cm2. According to the traces of Fig. 4, we can say that the inhibitor 

has an anodic behaviour, which implies that icorr tends towards less positive values, therefore 

it becomes ennobled. Moreover, the inhibitor efficiency values are divergent and varied 

according to the type of investigated samples, which means that the surface morphology 

and microstructure have an effect on the function of Arabic gum. The inhibitor efficiency 

reaches a maximum value of 62.39% according to the sample synthesized at 25g/l of WC 

powder (Table 3). 

Fig.4. Polarization curves of Cu-WC composite coatings  

electrodeposited at different amount of WC powder. 

Table 3. Results of polarization measurements for Cu-WC coatings  

in 3.5% NaCl + 0.5 g/l arabic gum solution. 

Fig. 5 illustrates the EIS analysis (Nyquist diagrams) of Cu-WC composite 

coatings immersed in 3.5% NaCl and 3.5% NaCl+0.5 g/l Arabic gum solutions for 1 h. 

The inhibitory efficiency was estimated from the following equation [33]: 

ε% =
icorr
inh − icorr

icorr
inh

. 100 (2) 

Parameters 
WC Concentrations (g/l) 

5 10 15 20 25 

Ecorr (mV) -523.3 -463.3 -487.7 -548.5 -243.6 

icorr (µA/cm2) 29.6 25.17 101.4 124.7 145.6 

βa (mV) 214.9 144.5 154.0 373.0 318.7 

βc (mV) -182.5 -195.0 -191.9 -204.2 -561.5 

Rp (ohm.cm²) 1010 1030 250.2 543.2 495.6 
Corrosion rate (µm/Y) 346.2 294.4 1185 1458 1703 

Parameters 
WC Concentrations (g/l) 

5 10 15 20 25 

Ecorr (mV) -536.6 -451.3 -442.5 -379.2 -384,2 

icorr (µA/cm2) 15.9 11.94 59.09 61.5 -384,2 

βa (mV) 189.1 182.7 242.2 165.7 54,76 

βc (mV) -169.1 -240.9 -198.2 -335.9 400,9 

Rp (ohm.cm²) 1370 2770 583.6 768.2 -255,7 

Corrosion rate (µm/Y) 185.7 139.6 691.1 719.3 1160 

ε% =
Rct

inh − Rct

Rct
inh

. 100  (3) 
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Rct
inh and Rct is the charge transfer resistance with and without using inhibitor, 

respectively. 

At high frequency, the electrolyte resistance (Rs) was determined by the 

intersection with the abscissa axis and referred to the resistance between the Cu-WC 

electrode and reference electrode. At low frequency, the capacitive loop is associated with 

the charge transfer resistance (Rct) in parallel with the double layer capacity (Cdl), which is 

attributed to the electrochemical reaction. This type of measurement makes it possible to 

study the global electrocatalytic reactivity of Cu-WC electrodes, as well as to highlight the 

distributions of time constants which can usually be described by constant phase elements 

(CPE) [38–40]. The resistance of the solution is low, which implies that the medium is a 

good conductor. The lowest value is recorded at the amount of 5 g/l of tungsten carbide 

(Table 4). 

Fig.5. Nyquist diagrams of Cu-WC composite coatings 

immersed in (a) 3.5 % NaCl and (b) NaCl+0.5 g/l Arabic gum 

solutions for 1 h. 

Fig. 5 shows that each spectrum having a single time constant at high frequency 

(HF) of the semicircle. The low frequency is attributed to the electrochemical reaction and 

indicates (Rct) the charge transfer resistance of the (HER) hydrogen evolution reaction. 

Nanocomposite Cu-WC prepared at 5g/l of WC obtained the maximum impedance value 

among all specimens, implying it possesses the optimal anti-corrosion ability. (Rct) presents 

a very important value (882.9 ohm.cm²) for the samples synthesized at 5g/l of WC. It’s 

clear demonstrated that Rct values maintained the same order after increasing the organic 

inhibitor. In addition, Rct of all the electrodes depends on both the grain size and the 

presence of the inhibitor, where their presence increases the values of Rct and consequently 

its efficiency reaches a maximum value of 70.95% for the deposit prepared at 25g/l of WC, 

which is due to the random distribution of the oval-shaped gains compared to the other 

samples (Fig. 5). These results are consistent with the potentiodynamic polarization 

analysis results.  

Table 4. Fitted EIS parameters for Cu-WC composite coatings in 3.5% NaCl solution. 

In the absence of a response related to the adsorption of hydrogen, the Randles 

model of the equivalent electrical circuit is the most used to explain the HER on the Cu-

based electrode. We find a phase shift with respect to the real axis, Fig. 5, which can be 

explained by the heterogeneity of the surface. This is a constant phase element (CPE) 

which realizes surface heterogeneities. The EIS plots shown in Fig. 5 are analyzed using 

one time-constant electrochemical equivalent circuit (EEC) model and fitted through EC-

Lab software (Fig. 6a). The represented elements that have shown in the circuit are Rs 

(solution resistance), Rct (charge transfer resistance of the electrode reactions) and Cdl 

representing the double layer capacitance between the solution and the composite coating. 

The fitted parameters have been shown in (Tables 4 and 5). 

Table 5. Fitted EIS parameters for Cu-WC  

composite coatings in 3.5% NaCl + 0.5 g/l Arabic gum solution. 

Fig. 6 shows the IR spectrum of KBr and the natural powder of Arabic gum. The 

Arabic gum analyzed in comparison with KBr to know the effective functional groups 

attributed to the inhibitory effects on the electrochemical behavior of Cu-WC composite 

coatings. The arabic gum has several functional groups such as aldehyde compounds, 

ketone and also the aromatic or phenolic compounds (Table 6). All these known 

compounds have inhibitory properties [14]. 

Fig.6. IR spectrum of KBr and the natural powder Arabic gum. 

Table 6. Fitted EIS parameters for Cu-WC composite coatings  

in 3.5% NaCl solution. 

Structure Wave no. (cm-1) 

(-OH) 3400 

(C-H)CH3 2975 

(-CH)C-CH3 1470-1435,1385-1370 

(C-OH) 1000-1175 

(C-O-C) 1060-1150 

4 Conclusion 

Nanostructured Cu-WC composite coatings with randomly particle distribution 
were obtained on carbon steel by electrodeposition route from acid sulfate bath containing 

suspended WC particles. 

SEM images show that Cu-WC composite coatings containing cracks and 

random distribution of the oval-shaped WC particles. The structure of Cu-WC coatings 

and grain size is controlled by WC powder amounts in the electrolyte baths. 

Corrosion studies showed that grain refinement offers the best electrochemical 

corrosion resistance and the highest activity in HER. The injection of Arabic gum 

containing several inhibitory functional groups leads to an improvement in the corrosion 

resistance and therefore the electrocatalytic activity of Cu-WC electrodes in 3.5% NaCl. 
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