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A B S T R A C T   

Low melting point elements are often incompatible with alloy synthesis methods that involve high temperatures, 
and thus, high entropy alloys containing zinc (Zn) have not been explored much to date, hindering the devel
opment of new alloy system investigations. In such cases, electrodeposition can be a useful alternative for the 
synthesis of multi-component (MCA)/high entropy alloys (HEA) which contain elements with large differences in 
their melting point and those that cannot be easily synthesized through established conventional/melting-casting 
routes. Though electrodeposition is an age-old technique, exploration of this synthesis route for fabricating HEAs 
is recently gaining attention, and more specifically, aqueous medium electrodeposition is still in its infancy. The 
current work reports a HEA containing Zn, namely, FeCoNiCuZn, through electrodeposition in an aqueous 
medium utilizing sulfate salts. Electrodeposition was carried out by varying different input parameters, namely, 
duty cycles (input pulse parameters), pH, and substrate roughness. Through these different input parameters, 
their effects on the composition, phase, and morphology of the deposited films are a matter of investigation. 
Observations revealed that the composition of the electrodeposited FeCoNiCuZn thin film is highly dependent on 
the input pulse parameters and the pH, whereas the substrate roughness played no observable significant role, 
probably owing to the use of pulsed waveform and the very low film thickness (~ 500 nm). The compositional 
characterization of the electrodeposited FeCoNiCuZn showed the presence of a high percentage of Cu (> 50 at.%) 
at lower duty cycles (< 0.75), whereas higher duty cycle (> 0.75) resulted in FeCoNiCuZn HEAs with all five 
elements in almost equal proportion. Alternatively, lower pH (≤ 1.5) led to high Cu content in the thin film, 
whereas higher pH (≥ 2.5) resulted in a multi-elemental deposition.   

1. Introduction 

Materials selection and design are some critical aspects for structural 
and functional applications, where the combination and composition of 
the elements play a major role in deciding the properties of the material. 
Recently, high entropy alloys (HEAs) having more than 5 elements are 
receiving attention as possible alternatives to replace conventionally 
used materials where the high mixing entropy in HEAs is supposedly 
responsible for stabilizing the system into simple phases [1,2]. There
fore, research on HEAs for possible structural applications has been 
explored to a great extent. However, functional applications of these 
alloys, especially in the form of thin films and other nanostructures, 
have not been fully explored owing to various challenges. Though thin 
film coating techniques like magnetron sputtering [3] and pulsed laser 
deposition [4,5] have been reported to synthesize HEAs, their scalability 

and viability remain a challenge due to their stringent process re
quirements. On the other hand, electrodeposition (ED) can also be used 
for the deposition of thin films and can be undertaken at ambient con
ditions with a simple experimental setup that can be an alternative 
approach to address these rigorous process requirements. Additionally, 
the immense control over the surface morphology, phases, grain size, as 
well as composition, are some advantages of ED that make it an inter
esting tool for the deposition of thin films. Further, ED allows coatings of 
elements irrespective of their miscibility, melting points, etc. which can 
bypass the conventional rules for making alloys. For instance, HEAs 
containing Zn remain unexplored as they are difficult to process on ac
count of the low melting point compared to conventionally used metals 
like iron (Fe), cobalt (Co), nickel (Ni), etc., through melting-casting 
routes. Unlike the conventional metallurgical approaches, electrodepo
sition relies on the reduction potentials of the elements and can be a 
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suitable approach for the deposition of HEAs containing elements like 
Zn. 

In this direction, very few reports exist on the use of electrodeposi
tion to fabricate HEA thin films. Initial reports on HEA electrodeposition 
suggested the use of organic electrolytes where BiFeCoNiMn [6], 
TmFeCoNiMn [7], MgMnFeCoNiGd [8], and AlCrFeMnNi, AlCrCu
FeMnNi alloys [9] were fabricated. Further, few reports also exist on 
using non-aqueous solvents to deposit HEAs having Zr, Ti where ele
ments with larger reduction potentials and those that cannot be depos
ited in an aqueous medium have been electrodeposited [10–12]. 
Although organic and non-aqueous electrolytes have been explored to 
some extent in synthesizing the HEAs, they are expensive, toxic, and 
industrial scalability is challenging [13]. The usage of aqueous elec
trolytes for HEA synthesis has still not materialized much due to the 
challenges of H2 evolution. However, electrodeposition through an 
aqueous medium can become superior over organic and non-aqueous 
means by proper control over the mechanisms and experimental in
puts [14–16]. The aqueous medium for the deposition of alloys is a 
preferred choice as it drastically reduces the cost involved in depositing 
alloy thin films and is also environmentally friendly. Therefore, through 
this study, we attempted to engineer the FeCoNiCuZn HEA thin film 
containing Zn (low melting point) fabricated using an electrodeposition 
route in an aqueous medium [17,18]. Engineering the HEA was under
taken by varying the experimental parameters such as duty cycles, pH, 
and substrate roughness, as these parameters may significantly control 
the composition and microstructure of the HEAs. The influence of the 
duty cycle on the various properties of non-aqueous electrodeposited 
thin films of CoCrFeMnNi was reported earlier, where it was observed 
that the pulse parameters strongly influenced the composition and as 
well as the crystallite size of the non-aqueous electrodeposited thin films 
[19,20]. Unlike the non-aqueous routes, hydrogen evolution reactions 
that take place in the aqueous route can alter deposition kinetics by 
changing the pH near the electrode surface, giving rise to drastic 
changes in composition. On the other hand, the surface roughness dic
tates the nature of the diffusion zones and also influences the overall 
composition, homogeneity as well as morphology of the electro
deposited thin films [21]. These parameters play a very important role in 
deciding the final properties of the electrodeposited alloy and, to the 
best of our knowledge, such studies on aqueous electrodeposited ma
terials have not yet been undertaken. Therefore, this investigation in an 
aqueous medium for optimizing the experimental parameters can pro
vide a strategy for designing new HEAs/MCAs, which will help in 
exploring the compositional space and mapping their respective 
properties. 

2. Materials and methods 

2.1. Electrolyte preparation 

The current electrolyte (Table S1) consisted mainly of sulphates of 
Fe, Co, Ni, Cu, and Zn. Sodium citrate and boric acid were used as 
complexing agent and buffer, respectively [17]. De-ionized water of 
18.2 MΩ was used as the medium for electrolyte preparation. H2SO4 was 
utilized during electrolyte preparation to prevent precipitation of the 
salts, which may occur during electrolyte preparation, and to maintain 
the pH. After preparing the electrolyte by adding all the salts, the 
as-prepared electrolyte pH was considered the initial/optimized pH and 
was further employed for the electrodeposition study. All depositions 
were carried out in a three-electrode configuration (Autolab PGSTAT 
204) with platinum as the counter, Ag/AgCl (3 M NaCl) as the reference 
electrode, and Ti sheet as a working electrode (area for deposition is 
considered as 1 cm2). 

2.2. Duty cycle study 

For the current investigations, depositions of FeCoNiCuZn were 

carried out at a potential of − 1.5 V with varied duty cycles as direct 
current (DC) and pulsed voltages (PC) modes. It is well known that PC 
mode is preferred over DC mode. Unlike a constant supply in DC, in PC, 
the current/voltage is repeatedly switched ON (Ton) and OFF (Toff ) at 
regular intervals. It is already a fact that the Ton plays a critical role in 
nucleation and growth dynamics, whereas the Toff aids in surface 
diffusion, corrosion, and desorption [22]. The applied duty cycle (Ton ∗

(Ton + Toff )
− 1
) was varied by changing the Ton and Toff times. Ton time of 

10, 20, 30, 40 & 50 milli sec (ms) and Toff times of 10, 20, 30, 40 & 50 ms 
were employed to investigate the effects of duty cycles on the compo
sition of the electrodeposited thin film. A set of 25 samples were syn
thesized using these duty cycles, and this was followed by a constant 
(DC) voltage electrodeposition (as a 100% duty cycle for comparison) 
which makes a total of 26 samples. As prepared electrolyte pH (~ 2.5) 
was employed for all the above 26 electrodepositions. To simplify and 
for better understanding, four samples with duty cycles of 16.67%, 
50.00%, 83.33%, and 100% were considered and named as low duty 
cycle (LD), intermediate duty cycle (ID), high duty cycle (HD) and direct 
current (DC) sample for further characterization. 

2.3. Substrate roughness & pH study 

Similarly, the role of substrate roughness and pH of the electrolyte 
were also investigated simultaneously. To study the role of substrate 
roughness, initially, different titanium (Ti) substrates were polished on 
different grades of SiC papers, namely, 80, 600, 1500, and 2500 grit to 
induce various levels of surface roughness. A final polishing on the 
vibromet was also undertaken with the help of colloidal silica. These 
substrate samples were named 80, 600, 1500, 2500, and vibromet, 
depending on the polishing level. The polished Ti foils with various 
levels of surface roughness were utilized to study the role of surface 
roughness by employing the optimized duty cycle where HEA compo
sition was attained. Similarly, the pH of the electrolyte has a significant 
role in deciding the composition of the HEA, and electrolyte with 
various pH (pH = 0.5, 1.5, 2.5, 3.5, and 4.5) has been prepared using 
either concentrated H2SO4 or NaOH. It was noticed that pH ≥ 5 of the 
electrolyte leads to precipitation, and therefore our study was limited to 
pH ≤ 4.5. 

2.4. Characterization studies 

As a preliminary step, cyclic voltammetry (CV) studies were con
ducted for electrolytes with sodium citrate and boric acid containing 
single metal ions (five various electrolytes) and an electrolyte containing 
all five metal ions using glassy carbon as the working electrode (scan 
rate of 50 mV/s) from 0.75 V to − 1.75 V and reversed back to 0.75 V to 
understand the electrochemical behavior/reduction of the electrolyte 
containing multiple metal ions. The electrodeposited samples synthe
sized at various applied experimental parameters were further consid
ered for microstructural and composition analysis. The electrodeposited 
thin films were analyzed by JEOL field emission scanning electron mi
croscopy (FE-SEM JEOL JIB 4700F) at 20 kV having a working distance 
of 10 ± 1 mm for their microstructure/morphology analyses, whereas 
the elemental composition of the thin films was analyzed using energy 
dispersive spectroscopy (EDS) attached to the FE-SEM. Further, the 
crystal structure of the selected electrodeposited films was determined 
using powder XRD (Rigaku Ultima IV) at a scan rate of 0.02◦ per minute. 
On the other hand, atomic force microscopy (AFM) studies (Park NX 10 
SPM) were also undertaken in contact mode to report the surface 
roughness of the various Ti substrates before and those of the thin films 
after depositions. 
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3. Results and discussion 

3.1. Cyclic voltammetry study 

CV studies of individual electrolytes with the single metal ion in the 
presence of a complexing agent and boric acid were initially undertaken 
(Fig. S1), where reduction peaks at different potentials corresponding to 
different elements could be seen. However, the cyclic voltammetry 
studies of the as-prepared electrolyte containing all the 5 metal ions (Fe, 
Co, Ni, Cu, Zn) showed a completely different picture. As seen in Fig. 1, 
the current initially starts reducing from 0.75 V as it moves towards 
more negative values, and it remains constant till − 0.10 V. When 
increasing the polarization further to more negative values, an increase 
in current is observed which corresponds to the reduction of Cu ions 
from the electrolyte at approx. − 0.18 V. After reaching the peak current 
at − 0.18 V, the current reduces till − 0.5 V and is further stable till − 1.0 
V. From − 1.0 V onwards, the cathodic current again increases till − 1.46 
V, which can be ascribed to the reduction of the Fe, Co, Ni, and Zn ions 
from the electrolyte. After − 1.52 V, H2 evolution occurs which is marked 
in blue in Fig. 1. There are two crossover points at ~ − 1.25 V and ~ 
− 0.8 V during the reverse positive sweep. The exact physical nature of 
the crossover is not well defined and ambiguous. However, it is well- 
accepted that the crossover points in the CV are probably an indica
tion of nucleation [23,24]. From the observations in the CV, as the peak 
reduction was obtained at − 1.46 V for the electrolyte, a potential of 
− 1.5 V was employed to reduce all the multiple metal ions (5 elements) 
for all the electrodepositions in the current study. 

3.2. Duty cycle study (Variation of Ton & Toff ) 

As mentioned in Section 2.2, duty cycles (i.e. variation of Ton & Toff ) 
play a major role in controlling the morphology and composition, 
especially in alloys prepared by electrodeposition. Microstructural and 
morphological characterization of the prepared samples at various duty 
cycles were analyzed using FE-SEM, whereas EDS analysis was used for 
compositional quantification and to analyze compositional changes. The 
FE-SEM images (Fig. 2) confirm the deposition on the Ti substrate 
without any morphological differences. Further, the FE-SEM images also 
reveal the presence of uniform globular-shaped entities, which is very 
common in electrodeposition. The globular microstructure can also be 
on account of the diffusion-controlled process, which arises as a result of 
the depletion of metal ions near the cathode [25], the use of complexing 
agents [26], and the use of pulse parameters. The 

microstructure/surface coverage of the thin films deposited with varied 
duty cycles is shown in Fig. 3, and it can be inferred that the surface 
coverage on the Ti increases as the duty cycle increases. For the LD 
sample, which has a duty cycle of 16.67% (duty cycle formula 
mentioned in Section 2.2), the surface coverage is observed to be the 
least as the effective deposition time is significantly low owing to the Ton 
(actual deposition time) which is small compared to the total pulse time 
(Ton + Toff ). This surface coverage goes on increasing as the duty cycle 
reaches a maximum of 100%, i.e. on the DC sample. Similarly, for a fixed 
Ton with increasing Toff , (Fig. S2) the surface coverage also reduces as 
the duty cycle reduces with increasing Toff . Pulsed voltages containing 
alternative Ton and Toff were used where nucleation and growth can 
happen during the Ton pulse. During the Toff , reduction of metal ions 
from the electrolyte is stopped leading to a complete halt of the depo
sition process. As alternative cycles of Ton and Toff were used, a cyclic 
nature is established, where, during the next Ton, new nucleation centers 
are formed which can maximize the surface coverage. In addition, 
during Toff , the concentration of the ions near the cathode surface is 
replenished from the bulk leading to smoother depositions. DC elec
trodeposition may lead to the formation of dendritic growth owing to 
the continuous reduction of metal ions. However, to avoid the formation 
of dendritic growth we can use higher currents/voltages (limiting cur
rent) in PC, which leads to the incorporation of ions with higher 
reduction potentials into the growing film, i.e., a smooth, homogenous, 
and compact film can be obtained. In addition, the Toff also gives 
hydrogen bubbles sufficient time to escape without being incorporated 
into the electrodeposited film and helps in crack mitigation [25]. 

Not only the morphology/surface coverage of the electrodeposited 
thin films, but the composition of the electrodeposited thin films is also 
highly dependent on the duty cycles. This is especially in the case of 
alloys where multiple elements are simultaneously reduced during the 
electrodeposition process. To confirm the composition of the existing 
elements and their homogeneity in the electrodeposited thin films, EDS 
analysis was undertaken, and the data was acquired from a minimum of 
9 equidistant areas throughout the sample (Fig. S3). The compositions in 
these five-element FeCoNiCuZn electrodeposits are majorly influenced 
by the Ton and Toff which in turn related to changes in the duty cycle that 
is determined by the formula Ton(Ton + Toff )

− 1. As seen in Fig. 4, with the 
increase in the duty cycle from LD to DC, the compositional change 
occurs majorly in the case of Cu. Higher Toff (lower duty cycles) seems to 
favor the formation of thin films in which Cu is seen to be greater than 50 
at. % (Table S2). A similar effect was also observed during pulsed 
electrodeposition of Ni-Re and Ni-Cu alloys, where the composition of 
noble elements was higher at lower duty cycles [22,27,28]. 

For getting lower duty cycles, two possibilities exist, a) the Ton time 
must be as low as possible, and b) the Toff time must be as high as 
possible. If we consider the first possibility, i.e., the Ton is very low, then 
we have a scenario where before the start of the electroplating all the 
ions are present in their respective concentrations near the electrode. 
When the Ton starts, since Cu has a very high positive reduction poten
tial, it has a higher tendency to get itself reduced in comparison to the 
remaining elements whose reduction potentials are negative to that of 
Cu. Additionally, Cu is reduced without the formation of any in
termediates, whereas the others are reduced from the formation of 
adsorbed species which delays their reduction compared to Cu. Thus 
reduction of Cu is favoured, and hence the composition of the electro
deposited species is mostly Cu-rich in nature when the Ton is low and 
thusa large Ton effectively ensures a multi-element deposition. The SEM- 
EDS mapping of the HD and DC samples was also undertaken (Fig. S4), 
which revealed a homogenous distribution of all five elements. 

The variation in the composition of all the individual elements at 
various Ton and Toff is plotted as contour diagrams (Fig. 5) which reveal 
an interesting trend. Higher Ton time favours the deposition of elements 
with negative reduction potentials (more anodic), and therefore, the 
percentages of Fe, Co, Ni, and Zn increase with increasing Ton. The 

Fig. 1. Cyclic voltammetry (CV) study of HEA electrolyte containing sodium 
citrate and boric acid at pH ~ 2.5 at a scan rate of 50 mV/s. The inset image 
reveals the reduction peak corresponding to Cu. Blue circle indicates H2 evo
lution beyond ~ -1.6V. 
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Fig. 2. Low magnification FE-SEM images of the LD, ID, HD, and DC samples deposited at various duty cycles.  

Fig. 3. High magnification FE-SEM images of the LD, ID, HD, and DC samples deposited at various duty cycles.  
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tendency of these elements to reduce electrochemically may be influ
enced by the local pH, the presence of complexing agents, and their 
multiple stages of reduction, which can be majorly controlled by the 
applied Ton and Toff [17,29]. During electrodeposition, when the po
tential is applied, the metal ions that are present as per their respective 
concentrations in their oxidation states/complex form are sufficiently 
capable to get reduced to their metallic form. However, depending on 
their nature/ability (cathodic or anodic) among the five elements, the 
reduction of Cu is more favoured on account of two reasons, 1) ther
modynamically, Cu is the noblest (electrochemically) among the avail
able five elements for reduction 2) Cu reduction does not proceed via 
intermediates, unlike Fe, Co, Ni, and Zn which progress via intermediate 
adsorption. Thus, higher Ton gives Fe, Co, Ni and Zn enough time to get 
reduced leading to their incorporation in the electrodeposited thin film. 
In other words, higher Ton leads to larger incorporation of other ele
ments which enables the ions that are reduced in multi-steps at the 
electrode-electrolyte interface to be incorporated in the electrodeposited 
thin film leading to a FeCoNiCuZn deposition [29]. For instance, Ton >

10 ms leads to multi-element deposition and slowly goes from dominant 
copper to an almost equiatomic electrodeposition (HEA) as the Ton 
reaches 50 ms. The increase in the Cu concentrations observed in the 
present study can also be explained using Eq. (1) which has already been 
used for Ni-Cu related alloys [26,28,30,31]. 

τCu =
KbtCu

T2
onf 2 (1)  

where τCu is the Cu content in the electrodeposited thin film, tCu is the 
transition time in seconds, Kb is a constant for a given bath, Ton is the 
pulse ON time, and f is the frequency of the pulse. As seen from Eq. (1), 
the Cu content in the thin film reduces when Ton increases or if the 
frequency is high. Similar results are also being observed in the present 
work, where with increasing Ton, lower Cu content is seen (Fig. 6) in the 
electrodeposited thin films, and the electrodeposition of other elements 
is also favoured. In addition, along with the Ton, Toff also plays an 
important role in controlling the composition for a given duty cycle. For 
a given Ton, as the Toff time increases, the Cu concentration is seen to 
increase. This is owing to the deposition of Cu during Toff where galvanic 
displacement reactions (GDR) also come into effect, which can increase 
the Cu content as the elements with extreme positive (Cu) and negative 
reduction (Fe, Co, Ni, and Zn) potentials can form a galvanic couple 
during the Toff [32]. However, the applied Toff in the current study has 
been optimized such that the Toff < Ton to ensure the availability of metal 
ions at the electrode surface and to minimize the galvanic displacement 
reactions [33,34]. 

To understand the effect of duty cycles on the roughness of the 

electrodeposited thin films, AFM studies (Fig. S5) were also undertaken. 
The roughness of the electrodeposited FeCoNiCuZn film is lower at 
lower duty cycles. However, the lower surface coverage (very low 
effective deposition time) for a given deposition time leads to a standard 
deviation of 29 nm. The root mean square (RMS) roughness for the LD 
samples stood at 72 ± 29 nm, and it was noted that the roughness of the 
films increases as the duty cycle (Ton) increases. The Toff plays an 
important role in aiding surface diffusion to allow smooth film forma
tion, ion replenishment to happen in the diffusion layer, and overall 
helps to prevent dendritic growth thereby improving the smoothness of 
the thin film. During higher duty cycles, Toff is reduced drastically such 
that these phenomena cannot take place sufficiently to ensure a smooth 
film formation, and hence the roughness increases. Therefore, the sur
face roughness of the DC sample (100 % duty cycle), which has no Toff is 
the highest at 151 ± 50 nm with very high standard deviation as 
expected. 

After confirming the composition and morphology of the thin films 
as a function of the duty cycle, the crystal structure (Fig. 7a & Fig. 7b) 
analysis of the as-deposited thin films was undertaken by XRD, and the 
various cell/lattice parameters as determined by XRD are given in 
Table 1. Usually, the crystal structure of the electrodeposited alloy is 
dependent on the composition of the thin films, as already reported on 
similar systems like FeCoNi. In the FeCoNi system, for instance, a higher 
percentage of Fe in the alloy exhibits a BCC structure, whereas a higher 
percentage of Ni leads to an FCC structure [35–37]. Additionally, when 
Fe content in the films is low, the electrodeposited film is dominated by 
FCC Co and FCC Ni phases, and the phases are highly dependent on the 
composition of the electrodeposited thin films [38]. Since the current 
deposition has five elements with almost equal proportions of all the 
elements, predicting a crystal structure is more complex. To add to it, 
complex heterogeneities that occur in HEAs/MCAs [39] and the obvious 
random local galvanic displacement reactions during the Toff may in
fluence a change in the local composition thereby changing the phase of 
the resulting thin film being electrodeposited. In the present work, the 
composition of the electrodeposited thin films is highly dependent on 
the duty cycles. For lower duty cycles, i.e. the LD and ID samples, higher 
percentage of Cu is present in the thin film, whereas in HD and DC, 
multi-element deposition in range of 5 – 35 at.% (HEA) is observed. 
Therefore, the XRD patterns for both the LD and ID gave rise to a peak 
centered at a 2θ of ~ 43.30◦ corresponding closely to that of metallic Cu 
owing to the higher at.% of Cu in the deposited films. On the contrary, 
the HD and DC samples on account of multiple elements (HEA) including 
Fe, Co, and Ni showed a peak shift from the LD and ID samples towards 
higher 2θ values indicating the HEA formation. More precisely, the 
electrodeposited HD sample gave rise to an FCC phase with a 2θ centered 
at 43.56◦ for a given deposition time of 5 min with a duty cycle of 
83.33%. The electrodeposited DC sample which has higher percentage 
of Ni (in comparison to HD) led to a peak shift towards higher 2θ values 
and gave rise to an FCC phase with the peak centered at a 2θ of 43.72◦

for a given deposition time of 5 min having 100% duty cycle. However, 
as the deposition time/thickness of the deposited film increases a dual 
BCC + FCC phase for the same alloy has also been reported [17], and 
powders of the same alloy system prepared by ball milling have indi
cated a single FCC phase [40,41]. 

3.3. Substrate roughness and pH 

From the study of the morphology and composition using FE-SEM 
and EDS, it can be concluded that LD and ID did not yield homoge
nous distribution of the intended elements, whereas DC, despite multi- 
element deposition, shows higher surface roughness. Thus, the HD 
condition is the best suited for HEA thin film deposition, and this con
dition was chosen to study the effect of substrate roughness and pH on 
the composition and morphology of the electrodeposited samples. Sur
face roughness is a unique parameter that can affect compositions dur

Fig. 4. SEM-EDS composition (at. %) of the LD, ID, HD, and DC samples.  
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ing the electrodeposition of multi-elemental systems consisting of 
different elements owing to the changes in the diffusion layer thickness, 
which results from the roughness of the electrode [21]. Additionally, the 
induced roughness creates crests where the current density is higher and 
troughs where the current density is lower, leading to differential 
compositions of the electrodeposited thin film at these local spots. 
Further, the local pH at the electrode-electrolyte interface influences the 
concentration of OH− ions that can react with the metal ions at the 
interface and often form non-soluble oxides/hydroxides, which can 
hinder the reduction of other elements during the electrodeposition. 
Therefore, to understand the role of the surface roughness of the sub
strate and the pH of the electrolyte on the composition of the FeCoNi
CuZn thin film, several experiments at the HD condition were 
undertaken where Ti substrates (Figs. S6, S7) of different levels of 
roughness were used and the composition of the electrodeposited thin 
films was evaluated from the EDS analysis. Simultaneously, the role of 

pH with respect to the surface roughness of the substrate was also 
studied. The role of substrate roughness and the pH of the electrolyte in 
controlling the composition of the FeCoNiCuZn thin film have been 
plotted as contour maps, shown in Fig. 8. From the contour maps, it can 
be concluded that the surface roughness does not affect the composition 
of the electrodeposited thin film. This is on account of the HD condition 
comprising of pulses which may probably aid in ensuring a homogenous 
composition owing to the uniformity in reduction/nucleation of all the 
elements simultaneously during the applied pulses. However, unlike the 
substrate roughness, pH has been shown to have a significant effect in 
varying the composition of the electrodeposited FeCoNiCuZn thin films, 
which can be observed from the contour map in Fig. 8. 

Though the application of pulses may aid in achieving uniform 
composition with homogenous distribution, the pH of the electrolyte 
plays a significant role at the electrode-electrolyte interface during the 
deposition. It is well known that electrodeposition in an aqueous 

Fig. 5. Contour maps of the composition of different elements deposited at various Ton & Toff .  
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medium has a challenge of H2 evolution, especially in the case of alloy 
deposition, and deposition composition varies predominantly depend
ing on the local pH at the electrode-electrolyte interface, which is often 
different from the bulk pH. Therefore, depositions at pH from 0.5 to 4.5 
were performed to understand the deposition behavior of each element 
during the reduction at the cathode. At pH = 0.5, as the electrolyte is 
highly acidic, vigorous H2 evolution was taking place, and the entire 
available active substrate area was covered with bubbles that hindered 
deposition. This may probably be because of the reduction of H+ ions 
which is favored thermodynamically since its reduction potential is 
higher than that of the metal ions present in the electrolyte. In addition, 
the reduced H+ ions escaped as H2 bubbles that caused non-uniform 
reduction where metallic deposition is virtually non-existent. As the 
pH increases from 0.5 to 4.5, the hydrogen evolution seems to decrease, 
thereby resulting in improved quality of the deposition. However, an 
acidic pH of 1.5 leads to a Cu favoured deposition (Cu reduction fav
oured at acidic pH) where the deposited film has a copper tinge. Further 
increasing the pH towards 2.5, 3.5, and 4.5 leads to a change in the 
deposited thin film color from copper tinge to a metallic coating with a 
silvery grey finish which confirms the simultaneous reduction of Fe, Co, 
Ni, Cu, and Zn resulting in HEA composition. The FE-SEM images are 
seen in Fig. 9 where, at a low pH, i.e., pH (0.5 & 1.5), irregularly 
deposited film with spherical islands was observed. Only films deposited 
at pH = 2.5 showed complete uniform coverage. Even though 

depositions at pH = 3.5 showed uniform coverage, they were found to 
have cracks. These cracks gradually increased in size when the pH was 
4.5. The composition analyses by EDS (Fig. 10) reveal that Cu is majorly 
deposited at pH = 0.5 & 1.5. Near equal composition of all the elements 
is seen at pH = 2.5 (crack-free), 3.5 & 4.5. The electrodeposition of the 
metal ions used in the present study is always accompanied by the 
production of H2 gas at the cathode owing to the aqueous medium used. 
Hydroxides can be readily available at a higher pH, often resulting in 
hydroxide formation of the electrode and this can lead to crack forma
tion. This can be addressed by the use of boric acid which aids in allaying 
these rapid changes in pH near the cathode that can minimize the crack 
formation [42]. From the experimental observations, even though the 
pH from 2.5 to 4.5 did not lead to major compositional changes in the 
thin film, the film quality is seen to be compromised (Fig. 9), and 
prominent cracks can be noticed. The formation of cracks as the pH 
changes from pH 2.5 to 4.5 could be arising from the presence of the OH 
‾ ions leading to the precipitation at the electrode-electrolyte interface 
during the deposition, which causes major cracks on the electrodeposit. 
Additionally, if the pH of the electrolyte ≥ 5, it leads to the precipitation 
of the metal salts making the electrolyte unstable and opaque, and hence 
depositions beyond pH = 4.5 could not be possible at all. Therefore, the 
optimum pH of the electrolyte has to be maintained by considering the 
stability of the ions in the electrolyte. 

The compositional variations at pH from 0.5 to 4.5 in the electro
deposited thin films can be understood from the behavior/activity of 
individual metal ions and their stability during the deposition at the 
electrode. In addition, along with the pH, the electrodeposition of the 
individual element is also majorly dependent on the presence of other 
elements as well. Fe group elements in the present case FeCoNiCuZn 
usually undergo anomalous deposition, which often changes the kinetics 
of the deposition and can lead to significant composition variation. 
Better understanding and correlating the behavior of each element in the 
alloy can be considered by using the composition ratio value (CRV). The 
CRV (Eq. (2)) can be calculated using the formula proposed by Yang 
et al. [43] 

Fig. 6. Copper composition in the various electrodeposited FeCoNiCuZn thin 
films at different Ton & Toff . 

Fig. 7. (a) XRD patterns of the samples synthesized at various duty cycles, i.e., LD, ID, HD, and DC. (b) Zoomed XRD patterns of the various samples from 42.5◦ to 
45.0◦ degrees. 

Table 1 
Unit Cell parameters as determined by XRD.  

Sample 2θ (degree) d spacing (nm) a (nm) 

LD 43.32 0.2086 0.3613 
ID 43.30 0.2087 0.3615 
HD 43.56 0.2075 0.3594 
DC 43.72 0.2068 0.3582  
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CRV =
wt.% of element in electrodeposited alloy

wt.% of element in electrolyte
(2) 

According to Yang et al., if CRV < 1, then the element can be 
considered to be deposited normally, whereas if CRV > 1, then the 
element is considered to be deposited anomalously. However, as the 
number of elements increases, the deposition kinetics may vary signif
icantly, and in the current scenario of FeCoNiCuZn, the electrolyte 
composition was optimized in such a way as to achieve the required 
composition of each element in the alloy to minimize the anomalous 
deposition. Electrodeposition of binary alloys of the Fe group elements 
shows anomalous deposition, and these elements together also show 
anomalous deposition in the presence of other metal ions, in the current 

case, Zn [44]. Thus, based on the CRV values, the individual element 
behavior during the electrodeposition with respect to the electrolyte pH 
can give us more understanding of the sensitivity of each element in the 
presence of other elements during the simultaneous reduction. A table 
containing the CRV values of the elements in the current deposited thin 
films at various pH is given in Table 2, where it is observed that at low 
pH, the CRV value for Cu is very high ~ 30 (at pH ≤ 1.5) and reduces 
drastically to ~ 8 (at pH ≥ 2.5) which are in the regime of anomalous 
deposition. This anomalous behavior of Cu is due to the cathodic nature 
of Cu at acidic pH. Similarly, more anodic Zn has a CRV value of < 1 at 
pH = 0.5 & pH = 1.5 and enters into the anomalous regime at pH ≥ 2.5, 
probably owing to the precipitation and formation of Zn hydroxides that 
have a lower solubility [45]. This precipitation eventually inhibits the 

Fig. 8. Contour plots of the compositions of various elements in the electrodeposited samples at various electrolyte pH and substrate types (surface roughness). .  
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reduction of other metal ions by covering the entire surface of the 
cathode and results in increasing Zn content in the electrodeposited 
FeCoNiCuZn thin film. To reduce this anomalous deposition of both Cu 
and Zn, their concentration in the electrolyte is reduced to a bare min
imum, as mentioned in the experimental section. At the outset, complex 
diffusion mechanisms, surface kinetics, and concentration of the metal 
species play a major role in ensuring near equiatomic multi-element 
deposition, especially in achieving the required composition in the 
HEA range. 

4. Conclusion 

The role of various experimental parameters, such as duty cycles 
(varying Ton & Toff ), the surface roughness of the substrate, and elec
trolyte pH have been studied in controlling the composition of FeCo
NiCuZn thin films. From the observations, duty cycle, and pH were 
found to play a significant role in controlling the microstructure and 
composition of the FeCoNiCuZn thin films. Whereas, due to the appli
cation of pulses during the electrodeposition, the surface roughness of 

the substrate was found to have a negligible effect on the microstructure 
and composition. From the study, it can also be interpreted that for the 
electrodeposition of multiple elements, the Ton time must be higher than 
the Toff for simultaneous deposition of multiple elements as alloys, 
especially in the case of elements with extreme reduction potentials. 
Higher Ton with higher duty cycles (> 0.75) leads to the electrodeposi
tion of multi-elemental (FeCoNiCuZn) thin film systems with the 
required HEA composition. On the other hand, electrolyte pH (= 0.5 & 
1.5) leads to a favoured deposition of Cu, and as pH increases to pH =
2.5, FeCoNiCuZn HEA deposition with better film quality can be 
attained. At higher pH (≥ 3.5), crack formation is visible, which may 
compromise the structural integrity of the electrodeposited thin films. 
Hence, electrolyte composition with controlled duty cycles and opti
mum pH can result in crystalline HEA thin films with the required 
composition. Finally, this study provides more insights into the under
standing of the simultaneous deposition of multi-element (≥ 5) de
positions in an aqueous medium which can be explored for numerous 
multi-metallic alloy systems. 

Fig. 9. FE-SEM images of the electrodeposited samples on a 2500 grit polished Ti substrate using HD conditions at various pH.  
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