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Abstract 
 

The aim of this work is to highlight the beneficial impact of the nucleation mode study on 

controlling the electrodeposition of a metal on a substrate, in order to form high sensitivity 

bimetallic electrodes. Actually, optimizing the electrodeposition operating conditions allows 

generating the largest active surface, and so, increasing electrode sensitivity. 

For this purpose, the nucleation phenomena and the initial growth of copper nuclei on gold, 

platinum and stainless steel 316L electrodes were investigated using cyclic voltammetry (CV) 

and chronoamperometry in aqueous media. The experimental results were compared to 

theoretical models for the two possible nucleation modes: instantaneous and progressive.  

Chronoamperometric results showed that the electrodeposition process involves progressive 

nucleation for copper on the three substrates, which was confirmed by scanning electron 

microscopy (SEM). 
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Optimal operating conditions were determined for the preparation of the highest active 

surface area. Subsequently, copper deposition runs were carried out on the three electrode 

substrates. The formed bimetallic electrodes were tested for their ability to detect low nitrate 

concentration in artificial seawater using square wave voltammetry (SWV). 

 

Keywords: Electrocrystallisation; bimetallic electrodes; Chronoamperometry; Progressive 

nucleation; Square wave voltammetry 

1. Introduction 
 

The present work focuses on studying the first instant of copper nuclei formation on the 

electrode surface. The growth of these nuclei over time is studied in order to determine the 

optimum operating conditions allowing to yield the highest specific surface area as well as a 

sensitive and stable bimetallic electrode and to put forward a novel effective electrodeposition 

process. Factors influencing deposit quality must be considered, principally the potential and 

the cutoff charge. For this intent, the nucleation phenomena of copper on gold, platinum and 

stainless steel 316L substrates was investigated using cyclic voltammetry and 

chronoamperometry. The electrodeposition of copper [1] and its growth on metallic substrates 

have been the topic of several studies [2–6]. Thus, no previous study deeply elaborated the 

electrocrystallisation of copper on these three substrates. 

In the first part, nucleation overpotentials were evidenced by cyclic voltammetry. 

Chronoamperometry studies were performed, and the experimental results were compared to 

theoretical plot to determine nucleation mode: instantaneous or progressive [7,8]. Afterwards, 

the germination rates were determined and the strategy (electrochemical parameters) for 

copper electrodeposition was deduced in order to increase the specific surface area of the 

electrode. 
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In the second part, the obtained bimetallic electrodes were employed to detect species 

requiring high sensitivity identification tools, such as nitrates in seawater. In the open ocean, 

the concentration of nitrates can drop from 50 µmol L
-1

 to as little as few nanomolars [9]. 

Surface waters are very depleted in nitrates (˂ 10 µmol L
-1

).  

The conventional method used to detect nitrates is colorimetry based on the Griess reaction 

requiring the addition of liquid reagents [10-11]. Lab on ship technology allows the 

miniaturization of the sensor and consequently decreases the volume of the reagent but these 

sensors still need frequent intervention to change reagents bags limiting long term deployment 

[12-13]. There is also commercial UV-absorbance nitrate sensor: SUNA that directly measure 

the concentration without pre-treatment [14]. However, interference issues with bromide ions, 

carbonates and dissolved organic matter are encountered and the limit of detection is 2.4 µmol 

L
-1

. Electrochemistry is suitable for in situ applications because it does not require pre-

treatment of the sample, offers a fast response time, high selectivity and allows small sizes 

sensor design and low energy consumption. 

Various approaches have been pursued to study nitrate electroreduction with a large number 

of metal substrates, such as Pd, Pt, Rh, Ru, Ir, Cd, Pb, Ag, Ti, Au, Sn, Ni, Zn, alloys of 

Cu….[15–22].  The use of metallic bare electrodes for direct nitrates detection displayed weak 

sensitivity [23].  Few studies have demonstrated that nitrate electroreduction is more efficient 

on bimetallic electrodes [23-27], as the signal is boosted due to the increase of the specific 

surface area of the electrode. 

Fajerwerg et al. [23] have already operated gold modified with silver nanoparticles electrode 

(Au/AgNPs) to detect nitrate in sodium chloride solution, using a charge, Q, lower than the 

theoretical one corresponding to a silver monolayer, and demonstrated the worthwhile 

potential of bimetallic electrode use. However, the limit of detection (LOD) of 10 µmol L
-1

 

obtained was still too high for marine application. Later, Legrand et al. studied the influence 
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of the cutoff charge for silver electrodeposition on gold over the electrode sensitivity and 

reached a LOD of 0.39 µmol L
-1 

of nitrate in sodium chloride solution [27]. However, some 

repeatability issues were encountered.  

The aim of this article is to highlight the necessity of controlling the electrodeposition process 

and optimizing the operation conditions in order to increase the sensitivity of the electrode. 

As reported by several studies, copper is recognized as the best promoter for nitrate 

electroreduction in comparison with other metals. It was applied as a bare electrode given its 

resistance to biofouling [18,28,29], and accordingly, was chosen as the electrodeposited 

metal.  

Since gold has previously been demonstrated to be a promising and noble substrate, it was 

used as a base for the bimetallic electrode. 

In order to compare the electroactivity of Au/Cu modified electrode, platinum (Pt) was tested 

as a comparator substrate due to its similar properties. Stainless steel 316L (SS) was also 

considered for test alongside gold and platinum due to its low cost compared to the other 

metals used, as well as its known resistance to corrosion in seawater. 

2.  Experimental   
 

2.1 Chemicals 
 

All solutions were prepared in MilliQ water (Millipore MilliQ water system). 

Nitrate solutions were prepared with KNO3 (Aldrich 99.999%), dissolved into artificial 

seawater (pH=8) made with NaCl (m= 32.74 g L
-1

, VWR), NaHCO3 (m= 0.172 g L
-1

, VWR) 

and MgSO4, 7H2O (m=7.26 g L
-1

, VWR). 

Copper electrodepositions on gold, stainless steel 316L and platinum surfaces were generated 

using 0.1 mol L
-1

 of copper sulfate pentahydrate CuSO4, 5H2O (99.995% purity) from Aldrich 

dissolved in 1 mol L
-1

 of sulfuric acid prepared from a 98% H2SO4 EMSURE® (Merck).  
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2.2- Materials and methods 
 

Electrochemical techniques used were Chronoamperometry, Cyclic Voltammetry and Square 

Wave Voltammetry. Full electrochemical measurements were carried out with a Metrohm 

Autolab® PGSTAT 128N potentiostat controlled by NOVA 2.1.4 software. 

A standard three electrodes cell was employed for all experiments. In all cases, the auxiliary 

electrode was a platinum wire with large surface area and the reference electrode was a 

double junction Ag/AgCl/KCl 3M electrode; all the following potentials are given relative to 

this electrode. Working electrodes were commercial metallic discs (ɸ= 6mm) of gold, 

platinum and stainless steel 316L (from Goodfellow) modified with copper electrodeposition.  

The characterization of copper nuclei deposited on the substrate surface after electrolysis was 

observed by a Phenom XL scanning electron microscope (SEM) coupled with an energy 

dispersive spectroscopy (EDS). 

 

 

2.3 Preparation of working electrodes 
 

The substrate discs underwent an adapted polishing on metallographic polisher (Presi 

Mécapol), associated with diamond suspension solutions with different granulometries 9 µm, 

3 µm and 1 µm. The duration of polishing on each grain size depends on the initial surface 

status. 

For gold discs, a further electro-polishing was performed in sulfuric acid at 0.5 mol L
-1

 by 

polarizing the electrode 10 seconds at +2 V vs (Ag/AgCl/KCl) followed by 10 seconds at -2 V 
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vs (Ag/AgCl/KCl) to form O2 and H2 bubbles respectively. This leads to the removal of all 

impurities at the surface. Then cycles between 0 V vs (Ag/AgCl/KCl) and 1.5 V vs 

(Ag/AgCl/KCl) at 100 mV.s
-1

 were recorded until reproducible signals were obtained.  

 

3.  Results and discussion 
 

3.1 Determination of nucleation overpotentials  
 

Cyclic voltammograms were plotted on gold, stainless steel, and platinum electrodes in a 

deaerated copper sulfate solution. Figure 1. shows the corresponding voltammograms 

obtained on gold (A), platinum (B) and stainless steel 316L (C) substrates.  
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Figure 1. Cyclic voltammograms of CuSO4 deaerated; working electrode: Pt (A), Au (B) and 

SS 316L (C); auxiliary electrode: Pt; reference electrode: Ag/AgCl/KCl; Scan rate = 50 mV s
-

1 

 

 

A single reduction peak was identified at around   -0.2 V vs (Ag/AgCl/KCl) (for gold and 

platinum substrates), -0.3 V vs (Ag/AgCl/KCl) (for stainless steel) associated with a 
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reoxidation peak at around +0.2V vs (Ag/AgCl/KCl), +0.15 V vs (Ag/AgCl/KCl) 

respectively, characteristic of the dissolution of the deposited copper. Copper ions reduction 

in aqueous media was found to be a single step process exchanging 2 electrons: 

                 

 

These voltammograms highlight the main feature of the electrocrystallisation process which is 

the signal crossing between forward and backward scanning curves (crossover). This is 

typical of a solid phase creation via nucleation mechanism on the electrode surfaces.  

Furthermore, those voltammograms display nucleation overpotential corresponding to the 

difference between the potential of the beginning of the copper ion reduction Ered indicated 

with vertical lines on Figure 1. (first copper nuclei) and the equilibrium potential E(I=0) of 

Cu
2+

/Cu system indicated with tangent lines: 

 

                   

 

Where, ɳ corresponds to the nucleation overpotential, Ered the nuclei formation potential and 

E(I=0) the equilibrium potential. Nucleation overpotential values on three electrodes are 

presented in Table 1. 

 

 

Table 1. Overpotential, nucleation rate, cutoff charge density and slope on three substrates 

 

Electrode Overpotential (mV) 104 AN0 (cm-2 s-1) Cutoff charge 
density (mC 

cm-2) 

103 (Slope) 

Pt/Cu 150 2.53 -51.8 9.61 

Au/Cu 161 3.25 -23.5 3.91 
SS 316L/Cu 231 3. 85 -16.58 1.02 
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These nucleation overpotential values are key parameters for electrodeposition because they 

represent the minimal requisite overpotentials during electrolysis. 

3.2 Nucleation mode determination 

 

Chronoamperometry is the most suitable electrochemical technique to investigate nucleation 

phenomena [7,8]. The exploitation of the beginning of the graphs I = f(t) provides information 

on the nucleation mode and, thus, enables the selection of a convenient process for the 

deposit. Chronoamperograms were recorded on the three substrates in copper sulfate solution 

and are presented on Figure 2. 

 

Figure 2. Chronoamperograms on Pt, Au, SS 316L electrode at η=150 mV, 160 mV, 231 mV, 

respectively in CuSO4 solution at 0.1 mol L
-1

. Auxiliary electrode: Pt; reference electrode: 

Ag/AgCl/KCl Inset: zoom of chronoamperogram on gold electrode η=150 mV 

 

Numerous overpotentials were tested, and the electrochemical responses showed a good 

repeatability.  
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The resultant curves are divided into three parts; the inset of Figure 2 illustrates those three 

parts as follows: 

 Part I is characterized by a significant decrease of current density, corresponding to 

the charge of the double layer and the formation of the first copper nuclei on the 

electrode surface. 

 Part II of the chronoamperogram shows a current density increase, as a result of an 

upsurge of the electrode active surface. This zone represents a particular point at tm, im 

coordinated where the rate of diffusion is equivalent to the rate of crystal growth. An 

investigation into part II of the chronoamperogram provides information on the 

nucleation mode. 

 Part III shows a diminution in current density attributed to a limitation of the reaction 

by the diffusion phenomenon of copper ions Cu
2+

, according to Cottrell's law: I = f 

(t
1/2

) [30].  

In order to identify the copper nucleation mode, Scharifker and Hills established a model 

based on a non-dimensional intensity and time: (I/Im)² = f(t/tm) [7]. The mathematical model 

considers part II and part III of the chronoamperograms defining the two nucleation modes:  

i) instantaneous nucleation where all the copper nuclei are generated at the same 

moment at the beginning of the polarization; 

ii) progressive nucleation where new copper nuclei are continuously generated 

throughout the polarization. 

The number of nuclei created versus time is given by the following equation [7,8]:  

                     

 

where No is the total number of favorable sites, A is the nucleation constant for a given site, t 

is time and N is the nuclei density. 
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For instantaneous nucleation, N = N0 and the current density at the surface of the electrode is 

given by the expression  [7,8]:  

   
   

 
   

    
 
 

       
            

  
       

 

Where n is the exchanged electrons number, F is the Faraday constant = 96500 C, D is the 

diffusion coefficient in m
2
 s

-1
 and C0 is the initial concentration in mol L

-1
,  

 

With,  

   
     

 
 
   

     

 

M and   are the molar weight in g mol
-1

 and the specific mass in g L
-1

 , respectively, of 

copper. 

However, for progressive nucleation, N = AN0t, where AN0 represents the germination rate. 

The following equation expresses the current density at the surface of the electrode:  

   
   

 
   

    
 
 

  
            

         

 
      

 

Where; 

   
 

 
 
     

 
      

 

Expressions of Im and tm can be deduced by deriving equations 4 and 6 Gunawardena et al. [8] 

transformed these equations by integrating Im and tm. The following nondimensional 

equations are obtained:  

i) for instantaneous nucleation 
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Where;  
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ii) for progressive nucleation 

 
 

  
 
 

  
      

 
  

                 
 

  
 
 

  

 

      

 

Where;  
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Figure 3 shows experimental curves (j jm
-1

) ²=f (t tm
-1

) plotted using chronoamperograms data 

obtained on Figure 2, compared to the theoretical curves calculated from equation 8 and 

equation 12. 
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Figure 3. Comparison of the dimensionless experimental data obtained for the current - time 

transients on different metals calculated from Figure 2 with the theoretical model for 

instantaneous and progressive nucleation. Working electrodes: Pt, Au and SS 316L; auxiliary 

electrode: Pt; reference electrode Ag/AgCl/KCl 

 

The experimental data are in agreement with equation 12 for a large t/tm range proving that 

the nucleation of copper is progressive, whatever the substrate. Indeed, the geometry of the 

copper nuclei on the three substrates observed via scanning electron microscopy (SEM) on 

Figure 4 shows different sizes of copper particles characteristic of progressive nucleation 

mode in agreement with experimental results.  
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Figure 4 Scanning electron micrographs of copper nuclei on gold (A), platinum (B) and 

stainless steel 316L (C) electrodes 

 

The hemispherical form of the copper nuclei was spotted. Besides their uneven sizes 

signifying that they were not generated at once, they are randomly distributed on the metallic 

surfaces. This observation confirms the consistency of copper’s progressive nucleation on 

platinum, gold and stainless steel 316L. 

This nucleation mode leads to the formation of new copper nuclei during the whole time of 

electrolysis. Each nuclei formed, then grew with time.  

So the overall growth of the nuclei is controlled by two different rates:  

(i) The germination rate is the number of nuclei generated versus time. The 

continuous formation of plots leads to a uniform distribution of the 

electrodeposited metal onto the surface of the electrode. 

(ii) The growth rate represents how the size of the nuclei increases with time.  

 

In our case it is mandatory to find a compromise between germination and growth rate aiming 

to generate heterogeneous small copper particles before covering the entire surface with 

deposited metal. Massot et al. suggested a relation between overpotential and roughness of the 

electrode [31]. Basically, effects (i) and (ii) are preponderant at: 
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 Low overpotentials due to the deposition of small metal particles on the substrate,  

 And high overpotentials due to the heterogeneous distribution of the deposited metal 

on the layer formed after filling all available sites.  

At intermediate values the roughness is considered satisfactory.  

Based on this correlation, in order to obtain the largest bimetallic areas, it is necessary to 

impose the minimal overpotentials while stirring the solution to renew the diffusion layer and 

avoid the limitation by diffusion. 

3.3 Determination of the nucleation rate AN0 

 

When the nucleation is progressive, it is possible to calculate the nucleation rate AN0 after a 

short duration of electrolysis applying equations 13 and 14 where the value of copper ions’ 

diffusion coefficient at 298.15 K was found around 8 10
-6

 cm² s
-1

. Table 1 reports a difference 

between copper’s nucleation rate on platinum, gold and stainless steel, interpreting that the 

substrate’s nature influences the growth of electrodeposition. 

3.4 Validation of the cutoff charge 

 

As mentioned earlier, the optimization of the bimetallic electrode parameter such as cutoff 

charge and overpotential has an established impact on increasing electrode sensitivity. Hence, 

in order to improve the electrocatalytic properties of the electrode, it is crucial to control the 

exact quantity of copper particles deposited on the substrate surface and to, consequently, 

increase the active surface area. 

As previously demonstrated, crystal growth in part II of chronoamperograms (Figure 2) is 

linked to an increase of the active surface area up to the maximum point at Im and tm before 

the diminution that results from the limitation by diffusion of copper ions. Therefore, the area 

under the curve in Figure 2. between t0 and tm yields the optimum theoretical cutoff charge to 
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apply during electrolysis to prepare the deposit of copper on different metals according to 

Faraday’s law: 

       
  

 

       

The optimum theoretical cutoff charge density found was |q|= 23.5 mC cm
-2

. 

In order to validate the cutoff charge, several charges were compared by detecting nitrate with 

SWV. The theoretically calculated charge was confirmed experimentally on the SWV 

presented in Figure 5. recorded with different cutoff charges in 1 mmol L
-1

 of nitrate in 

artificial seawater. 

 

Figure 5. Square wave voltammograms obtained in 1 mmol L
-1

 of nitrates in artificial 

seawater illustrating the influence of cutoff charge density used for copper deposition on gold 

electrode Working electrodes: Au, auxiliary electrode: Pt; reference electrode: Ag/AgCl/KCl.  

Inset: corresponding to the Volcano plot jpeak(NO3
-
) = f(|q|). 
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To obtain reproducible signals, SWV parameters were enhanced in terms of frequency, 

amplitude, and step potential. Theoretically, amplitude and step potential values are 

respectively Esw =      and Estep =      , where n is the number of exchanged electron(s) 

[31]. Considering the reduction of nitrate in nitrite with the following reaction:  

   
               

             

 

Two electrons are exchanged, so Esw should be around 25 mV and Estep around 5 mV. The 

signal frequency which enabled both sufficient sensitivity and minimal noise, was found to be 

between 25 Hz and 100 Hz. 

The current density matching nitrate reduction around E = -1 vs (Ag/AgCl/KCl)/V on these 

voltammograms increases when the copper electrodeposition charge density increases from 

|q|= 11.4 mC cm
-2

 to 23.5 mC cm
-2

 as the effective surface area rises. However, increasing to 

28.15 mC cm
-2

 and 32.8 mC cm
-2

 results in a drop in the nitrates reduction signal.  

According to the Sabatier principle, when the activity of materials (cutoff charges in this case) 

are plotted versus the reactivity (peak intensity),  the best condition is determined on a peak-

shaped known as Volcano plot, corresponding to the intersection of the two straight lines (jpeak 

= |q|) in the inset of Figure 5 [32,33]. 

This behavior was observed previously by Legrand et al. [27]. This is due to the excessive 

growth of copper nuclei on the surface up to the point of coating the gold surface entirely, 

thus, the electrode behaves like a bare copper electrode.  

The cutoff charge optimization was performed for other substrates. The optimum conditions 

to form modified electrodes are gathered in Table 1. These parameters were used to generate 

modified electrodes in order to proceed further in terms of direct detection of nitrate in 

artificial seawater, by SWV. 
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3.5 Nitrate detection using optimized bimetallic electrodes  

 

SWV were recorded on Au/Cu, Pt/Cu and SS 316L/Cu electrodes in artificial seawater with 

different concentrations between 0.5 and 15 µmol L
-1

. The peak intensities were measured at 

nearby -1 V vs (Ag/AgCl/KCl) corresponding to the concentration of nitrate reduction and the 

calibration curves presented on Figure 6. 

 

Figure 6. Calibration curves ipeak=([NO3
-
]) on Pt/Cu, Au/Cu and SS 16L/Cu for nitrates 

reduction peak around -1 V vs (Ag/AgCl/KCl) from SWV recorded between 0.5 and 15 µmol 

L
-1

 of nitrate in artificial seawater 

Each electrode shows a linear behavior with nitrate concentration allowing to monitor nitrate 

in seawater while LOD, non-optimized yet, of 0.5 µmol L
-1 

is very promising. 

The slopes are different on the three bimetallic electrodes; the modified electrode Pt/Cu shows 

an optimal slope, and thus better sensitivity than both Au/Cu and SS 316L/Cu. These results 

are in line with overpotential nucleation rate and cutoff charge density values as showed in 

Table 1 showing that the nucleation rate increases with the overpotential, while the cutoff 

charge density and the sensitivity (the slopes) are inv 
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ersely proportional.  The following observations can be done: imposing a low overpotential 

signifies a low applied energy, so the nuclei production rate is slower, consequently higher 

duration is needed to reach the optimum bimetallic surface, and so, the cutoff charge is 

higher. And based on the aforementioned correlation suggested by Massot et al. [34] between 

overpotential and roughness, at lower overpotentials, the roughness should be higher due to 

the presence of two metals, so the sensitivity of the electrode is increased.  

4. Conclusions  
 

Our work focused on determining the best operating conditions to optimize the sensitivity of 

bimetallic electrodes. The electrocrystallisation of copper on platinum, gold and stainless steel 

316L was investigated using cyclic voltammetry and chronoamperometry and led to the 

following conclusions: 

 On the three substrates copper nuclei are generated progressively during electrolysis 

and the nucleation mode was confirmed by SEM analysis: hemispherical shape and 

uneven sizes were observed; 

 Copper germination rate is higher on platinum than on gold and stainless steel 316L, 

respectively; 

Optimum theoretical cutoff charges density for copper electrodeposition on the three 

substrates were calculated from the area under the curves j=f(t) between t0 and tm and were 

experimentally confirmed using a volcano plot where the best condition is determined on the 

peak of the diagram. Then these charges were applied to fabricate bimetallic electrodes with 

the highest active surface area. 

In the second part, these modified electrodes were used to detect species demanding high 

sensitivity materials such as nitrate ions in seawater. the electroreduction of nitrate is not 

considerably different on various electrodes structures. Except the higher sensitivity on Pt/Cu 
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than on Au/Cu and on SS 316L/Cu. Finally, linear calibration curves were obtained for the 

nitrate concentration range tested (0.5 µmol L
-1

 – 15 µmol L
-1

). 
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