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Abstract 

This study aimed to deposit high entropy alloy (HEA) coatings with five different 

elements, Ni, Co, Cu, Mo, and W, from a single aqueous bath. The influence of pH, current 

density, and complex agent on the composition of deposited coating was examined. It was 

shown that Mo and W were codeposited mainly with Ni and Co. pH had the most impact 

on the codeposition of reluctant elements like Mo and W, while current density had the 

minimum effect. The deposited coating had a metallic, dense, and nodular morphology 

with configurational entropy of around 1.6R.  

 

Introduction  

A new alloy design approach, based on the concept of high entropy alloys (HEA), was 

developed by Cantor et al. [1] and Yeh et al. [2]. HEA has a broad definition; in the earliest 

paper, HEA was defined as an alloy composed of five or more principal elements in 

equimolar ratios [3]. However, the same paper expanded the definition to principal 

elements, with the concentration between 5 and 35 at.% for each element. This 

composition-based definition had no requirements on the magnitude of entropy or the 

presence of a single-phase (SS). On a different definition, based on the magnitude of 

entropy definition, HEA is the one with SSS,ideal > 1.61R, where SSS,ideal is the total 

configurational molar entropy in an ideal SS and R is the gas constant [4]. SSS,ideal can be 

estimated by the Boltzmann equation, which supposes that atoms occupy random lattice 

positions and the alloy has a single value of configurational entropy. Since metallic 

solutions can barely support Boltzmann's assumptions, the usage of this definition has its 

own challenges. 

Beyond these primary HEA definitions, several other interpretations, such as multi-

principal element alloys (MPEAs), and complex concentrated alloys (CCAs), have 

appeared in the literature that broadens the composition range without any implications 

concerning the magnitude of entropy or the types of phases [5,6]. Depending on the 

combinations of the elements, it has been reported that high entropy alloys (HEA) could 
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show high resistance to corrosion [7,8], fatigue and fracture toughness [9] besides unique 

electrical and magnetic responses [10], which make them desirable in structural and 

functional materials. Due to this unique combination of the properties and the potential for 

designing a wide variety of new materials, interests have been directed toward high entropy 

alloy films and coatings for applications where corrosion and oxidation protection are 

strongly required. This is a new field of research, and till now, HEA coatings have been 

produced by magnetron sputtering [11], laser cladding [12], thermal spraying [13], and 

only very few examples were produced by electrodeposition [10,14–17]. Electrodeposition 

of HEA is challenging due to the complexity of the electrolyte bath with multiple metallic 

precursors and the sensitivity of the deposition parameters on co-depositing multiple 

metals. However, electrodeposition can be a potential technique since it is a non-

equipment-intensive technique that can be applied under ambient conditions and is suitable 

for large-scale coatings and complex geometries.  

To the knowledge of the authors, apart from the study by L. P. Pavithra et al. [18], which 

deposited a dual-phase HEA thin coating of Co–Cu–Fe–Ni–Zn from an aqueous medium 

by pulse current, all literature on electrodeposition of HEA coatings were from organic 

solvents or ionic liquids [10,14,17,19]. Organic solvents or ionic liquids are expensive and 

have a lot of complexities and limitations. The major limitation of these liquids, apart from 

the high cost, is the sensitivity to water upon exposure to moisture. Hence, these solutions 

require a strictly controlled inert gas atmosphere. Y. Murakami et al. [20] succeeded in 

depositing CoNiCu medium-entropy alloy in a water-in-oil emulsion which has its 

limitation since the emulsion needs to be periodically irradiated ultrasonically to maintain 

its emulsified state. Therefore, deposition of HEA by a cost-practical, single-step 

electrochemical deposition from an aqueous bath is highly demanded. However, alloy 

deposition from an aqueous bath is challenging due to the big difference between metal 

ion electrodeposition potentials. This study attempted to deposit five elements (Ni-Co–Cu–

Mo-W) from an aqueous bath on a low carbon steel substrate by the direct current for the 

first time. It has been shown that the addition of Ni and Mo to the coatings (Ni-Mo [21,22], 

Co-Ni-Cu [23], Ni-W [24], Co-Ni-W [25], Ni-Cu-Mo [26]) can increase the corrosion 

resistance in several environments. Meantime, W improves durability, hardness and 

resistance to high temperatures [24]. Since the binary or ternary mixtures of these elements 

have been known as protective coatings, the combination of these five elements, in the case 

of high entropy alloy, might be able to maintain both corrosion and wear resistance even 

at high temperatures, and therefore, can be suitable for application in very aggressive 

environments. 

 

Experimental 

In this study, five elements (Ni, Co, Cu, Mo and W) were chosen to be deposited on Q 

panels of low carbon steel by the electrodeposition process. Electrodeposition of multiple 

elements from an aqueous solution is challenging since the deposition potential of different 

elements can be far from each other. However, deposition from an aqueous bath is 
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currently the most promising option that can be appropriately scaled up with a relatively 

low cost of operation on complex geometries.  

Different parameters, including current density, bath temperature, pH, and electrolyte 

composition, influence the composition of electrodeposited alloys. In this study, citric acid 

was added to the bath as a complexing agent to bring the reduction potentials of metals 

closer, and boric acid was added as a buffer to balance the local pH at the interface.  

Among the chosen five elements, Cu and Ni display a direct deposition mechanism, with 

the electrodeposition potential of Cu being much more positive than Ni. To reach the goal 

of depositing multi-component coating with a close atomic composition range, the metal 

with the lowest reduction potential should be in the largest amount. Therefore, a low 

amount of Cu concentration was added to the bath.  

The deposition mechanisms of the binary alloys were considered to choose a proper ratio 

for other elements (Ni, Co, Mo and W). It has been shown that the electrodeposition of Ni-

Co alloys is an anomalous codeposition with Co enrichment. This behaviour was attributed 

to the higher adsorption ability of Co(OH)+ than Ni(OH)+ [27]. Due to anomalous 

deposition of Co, its concentration in the bath was lower than Ni.  

Mo and W follow the induced deposition mechanism and can be deposited by iron group 

elements. Their deposition can take place via an intermediate reaction involving Ni or Co. 

This could be adsorbed Ni/Co-Mo/W complexed species or dissolved Ni/Co-Mo/W 

species in solution. Ni and Co can also deposit independently to Mo and W. Hence, if the 

concentration of Ni or Co in the electrolyte is much higher than that of Mo or W, the 

formation rate of Ni/Co-Mo/W intermediate is limited by Mo or W. In addition, a 

competition between Mo and W in codeposition with Ni has been reported in [28], and 

more Mo was deposited than W in an equimolar solution with Ni. This behaviour can be 

due to the effect of pH on the different complexes' formation and electrochemical reaction. 

The degree of citrate protonation depends on the pH, which determines the ratio of the 

possible metal/citrate complexes in the solution [29]. To increase the possibility of W 

codeposition, a higher concentration of W than Mo in the bath was chosen. 

According to the information from the literature reported above, a matrix of parameters 

combination with variation of a single metal concentration was designed for the 

experimental campaign, with constant Ni while other elements varied. Electrodeposition 

was carried out in Hull-cell to find the proper working window (current density, complex 

agent concentration and pH) for the alloy deposition. Plating was carried out at 50 °C and 

pH: 3, 6 and 8 with the unsoluble anode (a pure titanium sheet coated with a thin layer of 

IrO2) and low carbon steel panels as a cathode. The substrates were first degreased in an 

alkaline soap, then pickled in 2.5 M H2SO4 at 50 °C for 6 minutes; after that, they were 

rinsed with distilled water and immersed in the electroplating bath. The bath was prepared 

by NiSO4.7H2O, CoCl2.6H2O, CuSO4.5H2O, Na2WO4.2H2O, Na2MoSO4, C6H8O7 and 

H3BO3. 

Page 3 of 11

https://mc04.manuscriptcentral.com/jes-ecs

Journal of The Electrochemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



For Review Only

4 

 

Since the steel panels did not have the same surface area as the standard Hull-cell cathode, 

COMSOL Multiphysics software 6.0 was used to calculate the local current density 

distribution (Fig. 1a). The simulation was run at a constant cathodic current, and primary 

current distribution was chosen for the electrode kinetics. Electrolyte conductivity of 7 S/m 

(measured by conductivity meter, Orion, 150) and Eeq of -0.5 V (measured by immersing 

the cathode in the electrolyte at 50 °C for 5 minutes) were used as input data for the 

simulation. The standard Hull-cell set-up was used to validate the COMSOL model, and 

Fig. 1b shows that simulated current densities are comparable with the current density of 

the Hull-cell ruler. 

 
Table 1. 

Chemical composition (mol/l) and pH of the Hull-cell experiments (Bath 1) and galvanostatic plating (Bath 

2) 

 Ni Co Cu Mo W H3BO4 C₆H₈O₇ pH 

Bath 1 0.1 0.01 0.002 0.0007 0.2 0.4  0.1, 0.3, 0.4 3, 6, 8 

Bath 2 0.15 0.02 0.007 0.007 0.2 0.4 0.4 6 

 

  

Fig. 1. (a) Hull-cell set-up and simulated current densities (A/m2) in this study, (b) simulated current 

densities on the standard Hull-cell cathode (black marker) and Q panels (red marker) in this study. 

The morphology and composition of the Hull-cell coatings were checked by scanning 

electron microscopy (SEM) equipped with energy dispersive spectroscopy (EDS, JEOL, 

7001F) along with X-ray fluorescence spectroscopy (XRF, Fishers) at different positions, 

corresponding to different current densities. XRF and EDS measured coating composition 

at five positions, and the average values were reported in Fig. 2. Then, the current density 

results in a closer deposition percentage (at.%) of Ni and Co and a higher codeposition of 

Mo and W with the least amount of oxygen was chosen for the deposition of the coatings 

to fulfil the concept of high entropy alloy. The concentration of Cu and Mo in the bath was 

also increased, as seen in Table 1, Bath 2, to increase their contents in the deposit. 

Galvanostatic deposition of the final target coating on steel substrate was carried out at 8 

A/dm2 from Bath 2 at 50 °C for 2.5 h for characterization.  
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Results and discussions 

In order to evaluate the effect of citric acid and pH, experimental results were classified 

according to Table 2, and the results are shown in Fig. 2. 

 

Fig. 2a shows that on Ni deposition, citric acid concentration and pH have the most effect. 

Deposition of Ni increased by decreasing citric acid concentration. At the lowest citric acid 

concentration, when the molar ratio of Ni/citric acid is one, Ni deposition is independent 

of pH and current density, and the maximum value of Ni deposition is around 75 at.%. 

When the molar ratio of Ni/citric acid is less than 1, Ni deposition decreases, especially at 

pH 3 and 6.  

pH has the most effect on the deposition of Co. There was no Co deposition at pH 8. 

Increasing citric acid concentration increased Co deposition, and the maximum Co 

deposition happened at pH 3 and 6 at 0.4 M citric acid concentration. By comparing the 

at.% of deposited Ni and Co, it can be seen that they were competing with each other in 

the deposition. When there is maximum Ni deposition, minimum deposition of Co 

happens.  

At pH 3 and 6, where both Ni and Co are codeposited, citric acid is the only effective 

parameter that affects deposition, while pH and current density have a negligible effect on 

Ni and Co deposition. 

Table 2 

Classifying the experimental results 

pH pH: 8 

i (A/dm2) 4.5 3 2 

sample ID 1 2 3 4 5 6 7 8 9 

Citric acid 

concentration (M) 
0.4 0.3 0.1 0.4 0.3 0.1 0.4 0.3 0.1 

pH pH: 6 

i (A/dm2) 4.5 3 2 

sample ID 10 11 12 13 14 15 16 17 18 

Citric acid 

concentration (M) 
0.4 0.3 0.1 0.4 0.3 0.1 0.4 0.3 0.1 

pH pH: 3 

i (A/dm2) 4.5 3 2 

sample ID 19 20 21 22 23 24 25 26 27 

Citric acid 

concentration (M) 
0.4 0.3 0.1 0.4 0.3 0.1 0.4 0.3 0.1 
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Cu showed a different behaviour than Ni and Co. Cu was deposited at pH 3 and 8 mainly. 

Cu deposition increased by citric acid concentration similar to Co behaviour, and at pH 3, 

Cu deposition increased by decreasing current density, which means that at this pH, Cu 

deposition is under diffusion control.  

According to Ni, Co and Cu deposition, pH and current density have the most and least 

effects, respectively, on the deposition of these elements.  

Fig. 2b exhibits that pH has the most impact on the deposition of W and Mo and the 

maximum deposition of W and Mo happened at pH 6 and 8, respectively, and the minimum 

deposition happened at pH 3 for both elements. In addition, Mo deposition was only 

affected by pH, while for W deposition, apart from pH, both current density and citric acid 

were influential parameters as well. W deposition increased by increasing current density. 

W was deposited most at pH 6 with the highest citric acid concentration and current 

density. A different behaviour was seen at pH 3, where there is no deposition of Mo. 

Moreover, at pH 3, W deposition decreased with increasing citric acid concentration, 

which was opposite to the trend at pH 6 and 8. It seems at pH 3; citric acid cannot make a 

proper complex to help codeposition of W and Mo.  

By comparing the deposition of different elements at different current densities, it can be 

seen that the effect of current density on elemental deposition was negligible except for Cu 

and W.  

According to this information, pH is the main parameter that can influence the deposition 

of all five elements together, especially the reluctant ones. The charge of the species can 

differ at different pH and can affect the deposition. Indeed, the species with a lower charge 

can react faster to form the precursor for alloy deposition [29]. In addition, the degree of 

protonation of the citrate depends on the pH, which determines the ratio of the possible Ni, 

Co, Cu/citrate complexes in the bath.  

Figs. 2c-f exhibit the deposition ratio of reluctant elements (W and Mo) with respect to the 

inducing ones (Ni, Co). According to Figs. 2c and e, there is no relation between the 

deposition of W and Mo with Cu. There is a relation between W and Mo deposition with 

Co at pH 6, and 3 and both W and Mo have a constant relation with Ni deposition.  

Figs. 2d-f display the deposition ratio of W and M to Ni, Ni+Co and Ni+Co+Cu. By 

comparing Figs. 2c-2f, it can be observed that for W, the ratios of W/Ni+Co and 

W/Ni+Co+Cu are almost constant in different conditions, while in the case of Mo, the ratio 

of Mo/Ni+Co+Cu has changed the least under different conditions. According to these 

results, it seems that Ni and Co are both contributing to the deposition of W, while for Mo 

deposition, all three Ni, Co and Cu are responsible. In addition, the deposition ratio is 

almost constant at pH 3 and 8, independent of citric acid concentration or current density.  
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Fig. 2. (a) The amount of Ni, Co and Cu, (b) the amount of W and Mo, (c, d) the ratio between deposited 

W and induced elements, (e, f) the ratio between deposited Mo and induced elements at different 

conditions. 

According to the above information, the composition of bath 1 was modified (referred to 

as Bath 2 in Table 1), the concentration of Mo and Cu was increased, and plating at 8 

A/dm2 was carried out for 2.5 h. Fig. 3a shows a nodular and metallic coating. EDS maps 

(not shown here) confirm the homogeneous distribution of the five elements on the 

coating's surface. The chemical composition of the coating is listed in Table 3, which 

reveals that by increasing the ratio of Mo/W around 10 times, Mo was deposited more 

preferentially than W.  

Fig. 3b shows a cross-section of the coatings with 14±1 µm thickness, and according to the 

EDS line scan (not shown here), Ni is a bit higher at the interface with the substrate while 

Co is a bit lower at the interface. Moreover, Mo, W and O are distributed homogeneously 

while Cu is not. EDS maps (Figs. 3c-3g) also confirm that Cu prefers to segregate while 

other elements codeposited together uniformly. This result is in agreement with Figs. 2d 

and f, which showed that the ratio of W and Mo to Ni+Co is almost constant at pH 6. 
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According to the configurational entropy, ∆𝑆𝑐𝑜𝑛𝑓 = −𝑅∑ 𝑥𝑖
𝑖
0 𝑙𝑛𝑥𝑖 (where xi is the mole 

fraction of each element and R is the ideal gas constant [30]), the entropy of the deposited 

alloy with and without oxygen is 1.6 R and 1.4 R, respectively, which is between ΔSconf 

for equimolar alloys with 3 and 5 elements (1.10 R and 1.61 R, respectively [3]). The above 

results confirm the successful deposition of high entropy alloy coating from a single 

aqueous bath by the direct current for the first time.  

Table 3 

Composition (at.%) of the coatings (with and without O consideration) plated from Bath 2 at 8 A/dm2 

Ni Co Cu Mo W O 

30±0.6 23.1±1.4 15.3±0.6 5.2±0.3 4.2±0.1 22.2±1.9 

38.5±0.6 29.7±1.4 19.6±0.6 6.7±0.3 5.4±0.1 - 

 

 

 

 

 

 

   

  
 

Fig. 3. (a) SEM image from the coating surface, (b) BSE (backscattered electron) image from the cross-

section, (c-g) EDS maps of the cross-section of the coating (c) Ni, (d) Co, (e) Cu, (f) Mo, (g) W. 

 

Conclusion 
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A single aqueous bath for electrodeposition of NiCoCuMoW was developed, and suitable 

deposition conditions were determined. Besides metal concentration ratio, pH was the most 

influential parameter in the codeposition of elements with different deposition 

mechanisms. Ni and Co were the main inducing elements in the deposition of Mo and W 

than Cu, and Mo is deposited more preferentially than W with Ni. The successful 

production of a continuous film during electrodeposition of the high entropy alloys is 

critical for practical applications. This study represents a milestone in studies of deposition 

of high entropy alloy coating based on an aqueous electrodeposition bath. 

Funding: This work was supported by Vetenskapsrådet (VR) via the project DEC-HEF 

with grant number 2018-05323. 
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