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A B S T R A C T   

A medium-entropy alloy (MEA) of CoNiCu with a face-centered cubic structure was successfully obtained by 
electrochemical deposition. To achieve a nearly equiatomic composition, a water-in-oil emulsion was used as the 
solution for electrodeposition. Since the water droplets in the emulsion tended to be destroyed within 10 min 
under electrolysis, the emulsion was periodically irradiated ultrasonically to maintain its emulsified state in 
order to obtain a continuous film by electrodeposition. Characterization of the film deposited under a constant 
potential reveals that the deposit is metallic with a face-centered cubic structure. The nearly equiatomic 
composition suggests that the deposit is a CoNiCu medium-entropy alloy.   

1. Introduction 

Multicomponent alloys containing five or more elements with a 
nearly equiatomic ratio have attracted much attention in terms of their 
mechanical properties since they are expected to exhibit excellent 
strength and toughness. These alloys are called high-entropy alloys 
(HEAs) [1,2]. They are generally produced by casting; however, other 
fabrication approaches such as laser cladding [3,4] and the carbo-
thermal shock method [5,6] have been thoroughly investigated. Me-
dium-entropy alloys (MEA), which contain less than five elements with a 
nearly equiatomic ratio, have also been objects of intensive study [7,8]. 

Arranging for the metal composition to be a nearly equiatomic ratio 
is critical to the production of HEAs and MEAs with excellent properties. 
However, such control of the composition is difficult using conventional 
electrodeposition techniques due to the differences in the redox poten-
tial of each constituent metal. Recently, Glasscott et al. reported that 
high-entropy metallic glass (amorphous) nanoparticles can be deposited 
electrochemically using a water-in-oil emulsion as an electrolytic solu-
tion [9]. They used 1,2-dichloroethane (DCE) as an oil phase and dis-
solved metal salts in the water phase to form a water-in-oil emulsion. 
Tuning the concentration ratio of the salts in the water droplets directly 
controlled the composition of the deposited nanoparticles. However, 
two issues remain from a structural materials standpoint. First, the de-
posit must have a crystalline structure. HEAs and MEAs with face- 
centered cubic (fcc) structures in particular are expected to show 
excellent mechanical properties [10,11]. Second, a continuous and thick 

film must be deposited instead of nanoparticles. Additionally, the 
mechanism of electrodeposition in the water-in-oil emulsion should be 
clarified and discussed in detail, although some studies of emulsions 
have already been reported from an electrochemical viewpoint [12,13]. 

In the present paper, we report the successful production of a crys-
talline and nearly equiatomic CoNiCu MEA film by electrodeposition 
using a water-in-oil emulsion. Based on the LSV measurements, the 
potentials at which hydrogen evolution and the cathodic decomposition 
of DCE occur were clarified. Using this information, we chose an applied 
potential at which water droplets reacted, but the DCE did not, in order 
to produce a continuous film as a deposit. Characterization of the 
deposited film revealed that it is a crystalline metal with a nearly 
equiatomic composition. We believe that this study is a milestone in the 
electrochemical production of continuous films of MEAs and HEAs using 
water-in-oil emulsions. 

2. Experimental 

All the chemicals used in this study were of analytical grade. We 
initially prepared a solution containing DCE (Nacalai Tesque Inc.) with 
0.1 M (C4H9)4NClO4 (Nacalai Tesque Inc.) (M = mol L–1) and an aqueous 
solution containing 10 mM CoCl2⋅6H2O (FUJIFILM Wako Pure Chem-
icals), 20 mM NiCl2⋅6H2O (FUJIFILM Wako Pure Chemicals), and 10 
mM CuCl2⋅2H2O (Nacalai Tesque Inc.). Additionally, we added sodium 
dodecyl sulfate (SDS, Aldrich) and H3BO3 (FUJIFILM Wako Pure 
Chemicals) into the aqueous solution to produce concentrations of 100 
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mM and 400 mM, respectively. The concentration of SDS was chosen so 
that it is much higher than its critical micelle constant (8.5 mM) [14]. By 
contrast, the concentration of H3BO3 was selected to be similar to con-
ventional electrodeposition systems in aqueous solutions [15]. H3BO3, 
as a buffering agent, suppresses the increase in pH in the water droplets 
under electrolysis, while SDS stabilizes the water droplets as an emul-
sifier. We found that a non-negligible amount of hydroxides were 
precipitated during electrodeposition in an emulsion without pH buff-
ering, and the utilization of an emulsifier is necessary because of the 
unstable nature of the water-in-oil emulsion formed between DCE and 
the aqueous solution. Then 10 mL of the DCE solution and 60 μL of the 
aqueous solution were mixed using a high-intensity ultrasonic processor 
(Vibra cell 75186) at an output power of 130 W. The pH of the aqueous 
solution was adjusted to 1 using hydrochloric acid (Nacalai Tesque Inc.). 
The size distribution of the water droplets was measured by dynamic 
light scattering (DLS; Otsuka Electronics, ELSZ-2Plus). The electro-
chemical measurements were carried out with a potentiostat (Biologic, 
SP-50) using a three-electrode cell with a mechanically polished mo-
lybdenum (Mo) sheet as the working electrode, which was placed hor-
izontally at the bottom of the cell, a platinum rod as the counter 
electrode, and Ag|AgCl in 1.0 M NaCl as the reference electrode. All the 
potentials in this study are specified relative to the reference electrode. 
The cell geometry has been reported elsewhere [16]. The volume of the 
emulsion was roughly 10 mL, and the disk electrode had an area of 
0.785 cm2 with a diameter of 10 mm. The reason why a Mo sheet was 
used as the substrate is that the characterization of the CoNiCu MEA 
using a Mo substrate is simpler since the peaks of the energy-dis-
persive X-ray (EDS) spectra of Mo as well the X-ray diffraction (XRD) 
results are well separated from those of Co, Ni, and Cu. 

To characterize the deposits, field-emission transmission electron 
microscopy (STEM; JEOL, JEM-2100F) together with EDS, XRD (PAN-
alytical, X’Pert PRO Alpha-1 with Cu Kα 1.542 Å), and X-ray photo-
electron spectroscopy (XPS; JEOL, JPS-9010TRX) were employed. TEM 
samples were prepared by the focused ion beam system (FIB; Hitachi, 
FB2200). 

3. Results and discussion 

Firstly we conducted some electrochemical measurements. Fig. 1(a) 
shows three linear sweep voltammograms (LSVs). One LSV was recorded 
in the 0.1 M (C4H9)4NClO4 DCE solution. The other two were recorded in 
the water-in-oil emulsions with and without metal salts. The LSV in 0.1 
M (C4H9)4NClO4 DCE solution shows two cathodic waves starting 
roughly from − 1.0 V and − 2.0 V. DCE contained a non-negligible 
amount of water because it was not distilled before use. Therefore, 
both DCE and water should undergo reduction in the DCE solution. The 
reduction at − 1.0 V is assigned to water decomposition, while that at −
2.0 V originates from DCE decomposition because water has a much 
narrower electrochemical window than DCE. 

The LSV in the emulsion without metal salts is similar to that in the 
DCE solution, except that the absolute value of the reduction current 
increases in the emulsion due to an increase in water content. When 
using the emulsion with the metal salts, the LSV slightly changes in the 
potential region between − 1.0 V and − 1.3 V. The reduction current 
density increases slightly due to metal deposition from the water drop-
lets in the emulsion. Additionally, the reduction of water and DCE were 
detected in the LSV since an increase in the reduction current density 
was observed at both − 1.4 V and − 2.0 V. To effectively promote the 
electrodeposition of a CoNiCu MEA, the decomposition of DCE should be 
suppressed as much as possible, while the overpotential should be as 
high as possible. Consequently, we chose − 1.5 V as the applied potential 
for MEA film deposition. The effect of ion concentration on the reduction 
current density has been difficult to determine so far. The estimated 
concentration of metal ions in the emulsion (a mixture of 10 mL of DCE 
and 60 μL of the aqueous solution) was as low as 0.24 mM, and most of 
the reduction current density originates from hydrogen evolution, not 

from metal deposition. 
Fig. 1(a) suggests that the water droplets tend to decompose at − 1.5 

V since water is reduced to hydrogen. Thus, the lifetime of the water 
droplets in the emulsion may affect the electrodeposition. Fig. 1(b) 
shows the change in the water droplet size with time by measuring the 
droplet size with and without electrolysis. After 10 min without elec-
trolysis, the average size increases from ~ 350 nm to ~ 800 nm. By 
contrast, the emulsion is unstable under electrolysis. Indeed, the DLS 
results indicate that the water droplet size greatly increases. After 10 
min of electrolysis, the average diameter is greater than 1000 nm. This 
suggests that continuous ultrasonic irradiation is necessary to maintain 
the emulsified state during electrodeposition. The reason why the water 
droplets were destabilized under electrolysis is not clear. Hydrogen 
evolution from the three-phase boundary may play some role in the 
destabilization. The other possibility may be related to how the water 
droplets behave when they attach to and detach from the electrode 
surface. These issues must be investigated to understand this electro-
deposition method in detail and we plan to address them in a future 
study. 

Based on the above results, potentiostatic electrodeposition at − 1.5 
V was carried out under periodic ultrasonic irradiation (turning on/off 
every 5 s). Fig. 1(c) shows the time development of the current density 
for electrodeposition. The cathodic current density fluctuates inten-
sively with the on/off cycling of the ultrasonic irradiation. The emulsion 
maintained its emulsified state during electrodeposition under this pe-
riodic irradiation. During electrodeposition under periodic ultrasonic 
irradiation, 40 μL of an aqueous solution containing the metal salts was 
added every 10 min to avoid the depletion of metal ions, and to ensure 
that the concentrations of metal ions are kept nearly constant. Although 
we prepared the aqueous solution so that the total concentration of 
metal ions was 40 mM, the apparent concentration of metal ions esti-
mated based on the volume of the emulsion was 0.24 mM, which is quite 
low compared with conventional electrodeposition in aqueous solutions. 
Thus, it is important to periodically supply metal ions to the emulsion. 
Immediately after the additional injection of the aqueous solution, the 
current density increases slightly. However, it settles down to nearly the 
same current density after a few cycles of ultrasonic irradiation. The 
current density tends to increase gradually (Fig. 1c). This indicates that 
the surface roughness increases during electrodeposition. After 3 h of 
electrodeposition, a continuous film is obtained. Without ultrasonic 
irradiation, a small number of nanoparticles were deposited, but 
continuous films were never obtained. After the deposition, the emul-
sion became dark as the deposit became mechanically detached and 
formed a suspension. Also, the amount of deposit is still small; therefore, 
it is difficult to discuss the electrodeposition process quantitatively. 

The deposited film was characterized by XRD (Fig. 2a). Two 
diffraction peaks, which do not exactly match the patterns of pure 
metallic Co, Ni, or Cu, appear. The peaks at 44.04◦ and 51.16◦ are 
respectively assigned to fcc 111 and 200 reflections. There are no 
diffraction peaks, except those of the Mo substrate. Since the diffraction 
pattern of our sample is highly symmetric and cannot be reproduced 
using the diffraction patterns of the pure metals, especially for 200 
diffraction, it is clear that the sample is not a mixture of pure Co, Ni, and 
Cu. In the case of binary alloys, the diffraction pattern appears to be 
between those of the two pure metals. However, even considering binary 
alloys, the symmetric diffraction of our sample cannot be reproduced. 
Furthermore, the nano-beam electron diffraction (NBD) from a single 
crystal particle of the deposit was measured, and the lattice spacings for 
111 and 200 diffractions derived from XRD and NBD were compared. 
The values of the lattice spacings matched each other. From this result, 
together with the uniform distribution of Co, Ni, and Cu, it was 
concluded that the deposit was not a mixture but a MEA. 

The cross-section of the sample was then characterized by STEM as 
shown in Fig. 2(b), indicating that the film is ~ 350 nm thick. The EDS 
mappings of Co, Ni, and Cu confirm that these elements are distributed 
uniformly within the film. Note that a layered structure is observed in 
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the cross-section, but this is attributed to the addition of a small amount 
of the aqueous solution to maintain the emulsified state, which caused a 
slight change in the deposition behavior. As previously mentioned, the 
composition fluctuates slightly when the aqueous solution is added. 

The atomic ratio of Co, Ni, and Cu is roughly estimated based on the 
EDS results. The best composition occurs at 30.0:33.6:33.2. This 
composition is observed near the Mo substrate. Note that small amounts 
of O, W (deposition on the top surface before the FIB processing), and 
Mo were also detected. The depth profile of EDS in Fig. 2(c) suggests that 
the composition of the deposit is relatively constant from the bottom to 
the top. It should be noted that the total concentration of metal ions was 
kept at 40 mM in the water phase following the previous study by 
Glasscott et al. [9]. Indeed, we tried several combinations of the 

concentrations of Co, Ni, and Cu and found that the amount of Ni in the 
deposited film was slightly smaller than Co and Cu when an equimolar 
mixture was used. Therefore, in order to obtain the targeted composition 
of the alloy, the concentration of the nickel salt was set as double that of 
the other two salts. 

It should be noted why the concentration of the Ni salt needs to be 
higher than the other two. We measured LSVs in aqueous solutions 
containing one of the metal salts. From these results, it became clear that 
the charge transfer resistance of Ni electrodeposition was quite high 
compared with that of the other two metals. Thus, it is possible that Co 
and Cu electrodeposition can reach the diffusion limit, while Ni elec-
trodeposition may not. In this case, a higher concentration of the Ni salt 
is necessary. In our experiments, we found that doubling the 

Fig. 1. (a) LSVs measured in 0.1 M (C4H9)4NClO4 of a DCE solution (black), a water-in-oil emulsion without metal salts (blue), and a water-in-oil emulsion with 
metal salts (red). Scan rate is 50 mV s− 1. (b) Size distribution of the water droplets in the emulsion immediately after preparation (top), after 10 min without 
electrolysis (middle), and after 10 min with electrolysis (bottom). (c) Time development of the current density during electrodeposition. Deposition is carried out at 
− 1.5 V vs. Ag|AgCl in 1.0 M NaCl under periodic ultrasonic irradiation in 5-second on/off cycles. The arrow indicates the addition of a small amount of the aqueous 
solution. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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concentration of the Ni salt gave the best result in producing the desired 
MEA. 

To confirm that the deposit is an MEA, the oxidation state must be 

characterized. Fig. 3(a-d) show the XPS spectra of Co 2p3/2, Ni 2p3/2, 
Cu 2p3/2, and Cu LMM at the surface. At the surface of the deposit, Co 
and Ni are detected as oxides. The spectrum of Cu 2p3/2 suggests that 

Fig. 2. (a) XRD pattern of the film deposited at − 1.5 V vs. Ag|AgCl in 1.0 M NaCl. Metallic Co, Ni, and Cu are shown as reference patterns. (b) STEM image and the 
corresponding EDS mappings of Co, Ni, Cu, Mo, and O at the cross-section of the film. (c) Depth profile of the elements measured by EDS. 
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CuO is not formed; however, it is impossible to distinguish whether 
metallic Cu or Cu2O is present on the surface. Therefore, we analysed the 
Auger peak between the L and M shells denoted as Cu LMM. The spec-
trum of Cu LMM clearly suggests the formation of Cu2O. These results 
demonstrate that the surface of the deposit is partially oxidized. 

Etching for 150 s with Ar changed the spectrum (Fig. 3e-h). The 
results after Ar etching clearly indicate that the deposit is metallic. Thus, 
the surface oxide may form spontaneously in the air. In fact, the back-
grounds measured before and after Ar etching were almost the same, 
meaning that the signals of Co(OH)2 and the nickel oxides were rela-
tively weak. Based on these results, we conclude that the deposit is a 
CoNiCu MEA. 

Finally, the effect of the hydrophobicity of the substrate should be 
discussed. We also conducted the MEA electrodeposition on a gold 
electrode. Again, on the gold electrode, electrodeposition did not pro-
ceed without ultrasonication, while a continuous film of the CoNiCu 
MEA was deposited under ultrasonication. This suggests that the less- 
hydrophobic surface tends to be covered with a sort of “thin” aqueous 
layer when the water droplets attach to the surface, and this thin 
aqueous layer suppresses electrodeposition of the MEA. Although it is 
true that a hydrophobic substrate is advantageous for the electrodepo-
sition of high-entropy “nanoparticles” [9], the utilization of a hydro-
phobic substrate is not the optimum strategy for obtaining continuous 
films of MEAs. This is because the electrodeposition of such alloys is 
expected to self-terminate once the hydrophobic (original) surface is 
covered with the deposit, whose surface is less hydrophobic. Thus, to 
obtain continuous films of HEAs and MEAs, ultrasonic irradiation is 
more effective than the utilization of a hydrophobic substrate. 

4. Conclusions 

This study examined the electrodeposition of CoNiCu MEA. A water- 
in-oil emulsion formed with an aqueous solution containing metal salts 
and DCE yielded an equiatomic CoNiCu deposit. Based on the electro-
chemical measurements, the applied potential for electrodeposition was 
chosen to be − 1.5 V as this was sufficient to enhance the reaction of the 
water droplets in the emulsion without promoting the decomposition of 
DCE. DLS measurements clarified that the water droplets were destroyed 
during electrodeposition. Consequently, continuous ultrasonic irradia-
tion was necessary for a film to be deposited. Characterization of the 
deposit by XRD, STEM, and XPS indicated that the deposit was an 

equiatomic CoNiCu, i.e. a MEA. 
Electrodeposition in a water-in-oil emulsion is a promising strategy 

for fabrication of MEA coatings. The successful production of a contin-
uous film during electrodeposition of the MEA is critical for practical 
applications. This electrodeposition mechanism should be applicable 
not only to MEA coatings but also to HEAs. It is believed that this study 
represents a milestone in studies of MEAs and HEAs based on 
electrochemistry. 
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