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Abstract 

In this work, the effect of thiourea on the initial stages of the Cu–Sn electrodeposition in the potential 

range of the underpotential deposition (UPD) of tin from the sulphate electrolyte was studied by linear 

sweep voltammetry. The mechanism of Cu–Sn alloy nucleation and growth was proposed based on the 

results of chronoamperometry, chronopotentiometry, and scanning electron microscopy. Thiourea in the 

concentrations of 0.001–0.010 g/L showed a significant inhibitory effect on the reduction of copper ions. 

Analysis of the current-time dependencies revealed that Cu–Sn deposition in the UPD region of tin from 

thiourea-containing solutions proceeds through 3D diffusion-controlled growth of copper clusters. The 

nucleation type and the main nucleation parameters were calculated based on the Scharifker and Hills 

theoretical model. Galvanostatic experiments proved that the UPD of tin occurs on the surface of initially 

formed copper clusters. Surface characterization of Cu–Sn coatings deposited in the presence of thiourea 

showed a good correlation with electrochemical experiments. 

 

Keywords: nucleation; copper-tin alloy; underpotential deposition; electrocrystallization mechanism 
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1. Introduction 

Copper-tin alloys (5–20 wt% Sn) are widely used in industry as structural elements, machine tools, 

bearings, fasteners, and electrical contacts owing to their outstanding corrosion resistance, ductility, 

microhardness, and electroconductivity [1–3]. The growing interest in this type of coating is essentially 

connected with the strict regulations of the nickel use in European countries. Nickel salts are included in 

the list of carcinogenic, mutagenic, or toxic to reproduction (CRM) substances (EC Regulation No 

790/2009), while products of Ni corrosion can cause allergic reactions in contact with human skin [3–8].  

Electrodeposition is a convenient and low-cost technique usually used to obtain copper-based 

alloys with controllable surface and engineering properties. Acidic or alkaline baths could be used for the 

deposition of commercial Cu–Sn coatings [9]. For several decades, highly toxic cyanide-based electrolytes 

were widely used for electrodeposition of copper-tin alloys [2,10]. Recently, sulphate [3,11–15], 

pyrophosphate [16,17], methanesulfonic [9,18–21], oxalic acid [22,23], and non-aqueous [1,24] 

electrolytes have been proposed. The use of mentioned compositions can significantly reduce the negative 

environmental impact. Overall, the most affordable, cheap, and easy-to-operate electrolytes used today are 

acidic electrolytes for electrodeposition of yellow bronzes. Proposed compositions are based on salts of 

copper and tin and necessarily include special organic additives. Yellow bronzes containing up to 20 wt% 

of Sn have been obtained in sulphate electrolytes containing gelatin,[3] gluconic acid [11], polyethylene 

glycol [12], and benzaldehyde [13]. Thiourea (TU) is one of the most effective organic additives 

introduced into sulphate electrolytes of Cu and Cu–Sn plating because it increases cathodic polarization 

by chelating copper ions, imparts an appealing appearance, and assists in the deposition of fine crystalline 

coatings [20,22–24].  

Despite certain progress in the understanding of the kinetics of independent electrodeposition of 

copper and tin, the process of Cu–Sn bronze formation has been studied not so wide. The presence of 
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organic additives has a substantial inhibitory effect on the reduction kinetics of aquated copper and 

stannous ions. Furthermore, Survila et al. reported that the deposition of tin from such electrolytes 

proceeds on the underpotential deposition (UPD) mechanism (i.e. deposition occurs at potentials more 

positive than the equilibrium potential for the reduction reaction) [11–13]. In the case of UPD of metals, 

the formation of two-dimensional structures with a thickness of several atoms has been reported [25,26]. 

However, UPD of tin was observed in a potential range where copper ions are discharged at the diffusion-

limited current (DLC) [15,27]. Therefore, the growth of copper clusters is the determining factor affecting 

the microstructure of the deposited alloy.  

To the best of our knowledge, no studies on the effect of TU on the mechanisms of 

electrochemical nucleation of Cu–Sn alloys from sulphate electrolytes have been reported in the literature. 

Understanding of mechanisms and main kinetic parameters of electrocrystallization of alloys opens wide 

possibilities to obtain multilayered structures, with both improved corrosion [28,29] and 

physicomechanical properties [30].  

In this paper, we showed the effect of TU on the nucleation and clarified the mechanism of copper-

tin alloy electrodeposition from the sulphate electrolyte in the region of the UPD of tin under 

potentiostatic and galvanostatic conditions using several analytical methods, such as scanning electron 

microscopy (SEM), atomic force microscopy (AFM), energy-dispersive X-ray spectroscopy (EDX), and 

X-ray diffraction (XRD). 
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2. Experimental 

Electrochemical experiments were performed using an AUTOLAB PGSTAT302N galvanostat-

potentiostat in a standard three-electrode glass electrochemical cell. The electrochemical deposition of 

Cu–Sn alloys was performed from the electrolyte of the following composition: 40 g/L CuSO4 · 5H2O, 40 

g/L SnSO4, and 100 g/L H2SO4. The concentration of TU in the electrolyte was varied in the range of 

0.001–0.010 g/L. The chemicals of analytically pure grade (Belreachim, Belarus) were used as received. 

To study the effect of TU on the kinetics of cathodic reduction of an individual alloy component, 

electrolytes of a similar composition containing the salt of only one of the deposited metals (copper or tin) 

were prepared. A new portion of the electrolyte was used in each experiment. Copper plates with relative 

surface ratio 1/9 (cm2) were used as cathodes and anodes. The distance between electrodes was 3 cm. The 

parameters of electrolysis (current density or potential, and duration) used in the experiments are reported 

in the text. The temperature during all electrochemical experiments was maintained at 20°C using a 

VT3−1 thermostat. Prior to each experiment, the cathode surface was ground with P4000 emery paper and 

chemically prepared according to ISO 27831-2:2008: degreased in the solution containing 15 g/L Na2CO3, 

30 g/L Na3PO4 · 12H2O, and 5 g/L Sintanol DS10 and then activated in 0.1 M H2SO4. Before experiments, 

electrolytes were stirred for 5 min and then stirring was switched off.  

Linear sweep voltammetry (LSV) was used to determine the kinetics of electrochemical processes 

occurring in electrolytes under study. In these experiments, a saturated silver/silver chloride electrode was 

used as the reference electrode and a copper foil (99.9%, 9 cm2) was used as the counter electrode. All 

measured potentials are reported on the scale of the standard hydrogen electrode (SHE). Experiments were 

performed in the potential range of 300–(–230) mV (Cu and Cu–Sn deposition) and –190–(–230) mV (Sn 

deposition) at a linear potential sweep rate of 1 mV/s. All electrochemical experiments reported in this 

study were at least triplicated. 
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The morphology and composition of the formed coatings were examined using a JSM-5610 LV 

scanning electron microscope equipped with an EDX JED-2201 JEOL chemical analysis system. XRD 

analysis of the phase composition of the deposited coatings was carried out using a D8 Advance AXS X-

ray diffractometer with CuKα radiation (λ= 0.15418 nm) at 40 kV and 30 mA. Processing of the obtained 

diffraction patterns was carried out using the Match! Software and the COD (Crystallography Open 

Database) reference base. The average crystallite size was calculated using the Scherrer equation 

(software EVA, version 5.1), as follows: 

d=0.9·λ/b·cosΘ 

where b is the FWHM, θ is the diffraction angle, d is the grain size, and λ (0.15405 nm) is the wavelength 

of the radiation used. 

AFM topography images were obtained in the tapping mode using a Nanosurf Flex-Axiom atomic 

force microscopy system. An n-type silicon cantilever with a nominal tip radius of 8 nm (HQ:NSC15/Al, 

MikroMasch) was used. The measured areas contained 256×256 data points and were analyzed using the 

Gwyddion 2.50 software. The surface roughness was expressed by an average deviation parameter (Ra) on 

the 10 µm length as an average of 5 measurements. 

 

3. Results and Discussion 

 

3.1 Reduction of Cu(II), Sn(II), and Cu(II)+Sn(II) ions in thiourea-containing sulphate electrolyte 

Figure 1 shows cathodic LSV curves of the copper electrode, characterizing the effect of TU on 

the kinetics of cathodic deposition of copper (Fig. 1a), tin (Fig. 1b), and copper-tin alloy (Fig. 1c). In the 
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sulphate electrolyte without TU (Fig. 1a), reduction of copper ions occurs in the potential range of 300–80 

mV that is typical for this type of electrolyte [31–33]. The addition of TU in the electrolyte (Fig. 1a) 

results in a shift of polarization curves by 30–210 mV towards more negative potentials at a cathodic 

current density of –0.005 A/cm2. The observed decreases in the potential in the presence of TU suggest 

inhibition of the electroreduction of copper ions. At potentials lower than 40 mV, a diffusion-limited 

plateau corresponding to the cathodic current density of –0.012 A/cm2 was observed on LSV curves.  
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Fig. 1. Linear sweep voltammetry curves characterizing reduction of (a) Cu2+, (b) Sn2+, and (с) 

simultaneously Cu2+ and Sn2+ ions in the sulphate electrolyte with and without TU. 
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Polarization curves of cathodic deposition of tin (Fig. 1b) show that the reduction of stannous ions 

initiates at potentials lower than –200 mV. The addition of small amounts of TU (Fig. 1b) leads to the 

shift of the polarization dependences by 10–20 mV towards negative potentials. This value is much lower 

than that observed for the reduction of copper ions and indicates only a slight inhibition of the reduction 

process of stannous ions. 

In the case of electrolyte, containing both copper and stannous ions (Fig. 1c), a change in the slope 

of the DLC regions where copper ions are reduced at the limiting current, can be seen on polarization 

dependences. This regularity can be attributed to the UPD of tin [15]. It is well known that the 

electrochemical deposition of several metals (or alloys) at a cathode from simple electrolytes is possible 

only if the difference between the standard reduction potentials of these metals is small (26.5 mV in the 

case of two-electron transfer processes) [34]. Nevertheless, deposition of the Cu–Sn alloy from the 

sulphate electrolyte occurs at more noble potentials relative to the standard reduction potential of the 

Sn2+|Sn0 system (–140 mV), suggesting the UPD of tin. Summarizing, polarization results revealed that in 

the examined concentrations TU inhibits only the reduction of copper ions. As the deposition of copper 

and tin was performed on the same substrate in the same experimental conditions, this difference is most 

probably due to the formation of stable Cu–TU complexes during electrolysis, which can be adsorbed on 

the surface, inhibiting the reduction process of copper ions [35,36]. Effective inhibition of the reduction of 

stannous ions by TU has been reported in the literature starting from 1 g/L of TU in the deposition bath 

[37,38].  
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3.2 Mechanism of Cu–Sn electrocrystallization 

To study the effect of TU on the initial stages of the electrocrystallization of the Cu–Sn alloy in the 

region of the UPD of tin, chronoamperograms at the fixed potential of –50 mV in the sulphate electrolyte 

were obtained (Fig. 2). At the initial stage, the recorded i–t curves in the TU-free electrolyte shows long-

time decreasing of cathodic current that cannot be attributed to double-layer charging because it extends 

over 10 s. In this case, no sign of current maxima at the i–t dependence may indicate that primary planar 

subcritical nanoclusters are being formed, which are not contributing to an increase in active surface area 

[39,40].  

 

Fig. 2. Chronoamperograms of copper electrode in sulphate electrolyte of Cu–Sn deposition with and 

without TU.  

 

The TU introduction into the electrolyte changed the appearance of the chronoamperograms. The 

i–t curves are characterized by an initial current increase with a pronounced peak characteristic for 
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nucleation [41]. The maximum current is followed by a decreasing part with the final convergence of the 

curves to the limiting current, which is typical for a diffusional control. The nucleation and growth of Cu–

Sn clusters, in this case, is following the three-dimensional (3D) mechanism [39,40,42,43]. According to 

this model, an increase in the cathodic current density is the result of the increased true surface area of the 

electrode. A further decrease in the current density with time is due to the overlapping of the diffusion 

zones of growing clusters. As a result, the true electrode surface area strives to its geometric value 

[39,44,45].  

To clarify the mechanism of Cu–Sn alloy deposition in the presence of TU, chronoamperograms 

obtained in the sulphate solutions containing either copper and stannous ions or only copper ions are 

presented in Fig. 3. In the initial moment (up to 1.5 s for electrolytes without TU and 3.0 s for electrolytes 

containing 0.001 g/L of TU), recorded chronoamperograms in both solutions overlap each other. This is 

an important point indicating that the formation of only copper clusters occurs in both electrolytes in the 

first several seconds of potentiostatic electrolysis. Afterward, the total current density in the solution 

containing copper and stannous ions increases due to the contribution of the UPD of tin. After 30 s of 

electrolysis, the cathodic current density of 0.012 A/cm2, corresponding to DLC of copper ions reduction, 

was recorded in the individual copper plating electrolyte (inset in Fig. 3). In the case of the electrolyte 

containing both copper and stannous ions, a DLC plateau was observed at the cathodic current density of 

0.014 A/cm2. Summarizing, one can conclude that in the sulphate electrolyte containing Cu2+, Sn2+, and 

TU, nucleation proceeds on the 3D mechanism and is followed with the diffusion-controlled growth of 

copper clusters. Then the UPD of tin occurs on the surface of the formed copper clusters.  
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Fig. 3. Chronoamperograms of copper electrode in the sulphate electrolyte containing Cu2+, and 

simultaneously Cu2+ and Sn2+ ions with and without TU. Inset shows enlarged view after 30 s of 

experiment.  

 

Obtained chronoamperograms can be used to determine the nucleation mechanism and parameters 

related to nucleation [46,47]. To determine the type of copper nucleation in sulphate electrolyte of Cu–Sn 

deposition containing 0.001–0.010 g/L of TU, the corresponding chronoamperograms (Fig. 2) were 

presented in the coordinates i2/im
2 (im is the maximum current) vs t/tm (tm is the moment when the 

maximum current was recorded). Сhronoamperograms in the solutions without TU did not show a current 

maximum and thus were not examined. The obtained current transients are shown in Fig. 4. The analysis of 

the transients was performed using the model developed by Scharifker and Hills [46,48,49]. The 

experimental data were compared with theoretical dimensionless curves for the diffusion-controlled 
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instantaneous (Eq. 1) and progressive (Eq. 2) nucleation, which were plotted using the equations below 

[47,48,50]:  

2
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    
     (1) 

2 2
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ti t
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     = − −        
    (2) 

In the case when potentials of Cu–Sn alloy deposition are in the region of the UPD of Sn, the 

formation of copper crystallization centers from electrolytes containing 0.001 to 0.005 g/L of TU is 

described by the instantaneous nucleation model, which corresponds to growth of a constant number of 

supercritical clusters on a small number of active sites formed at the beginning of the electric pulse [47]. 

The current transient obtained for higher TU concentration (0.010 g/L) did not follow the instantaneous 

nucleation model. In this case, experimental data initially is well described by the progressive nucleation 

model, where new nuclei appear during the whole period of deposition but lay between the two theoretical 

cases afterward. A change to the progressive nucleation can be associated either with the solution 

chemistry, i.e. formation of more stable Cu–TU complex species, or a modification of the substrate by an 

inhibiting layer of adsorbed TU, which decelerates the growth of nuclei [36,38]. The deviation from the 

theoretical transient may be explained by the mixed kinetic/diffusion control of the electrodeposition 

process [44].  

Based on the theoretical nucleation models it is also possible to calculate the diffusion coefficient 

D of copper(II) ions, the nuclei density N0 (for the instantaneous nucleation), and nucleation rate Jnucl (for 

the progressive nucleation) of copper in the studied solutions. In the case of instantaneous nucleation, the 

diffusion coefficient D and the nuclei density N0 can be given as follows [46,49]:  
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For the progressive nucleation, D and Jnucl were determined as [46]:
  

2
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= =

                                                   (6) 

In these equations, A is the nucleation rate constant, N0 is the number density of active sites, zF is the 

molar charge transferred during electrodeposition, c is the concentration of copper ions in the bulk 

solution, and Vm is the molar volume of the deposited metal. The calculated parameters for current 

transients in the presence of TU are listed in Table 1. The results show that with increasing concentration 

of TU the nucleation rate of copper decreased. These observations are in good agreement with data 

reported in the literature on the deposition of bulk copper on Au (111) [42], n-Si (111) [43], and stainless 

steel [51] in the presence of TU. The apparent slight decrease of the diffusion coefficient in the solution 

containing 0.010 g/L of TU may be explained by the application of the progressive nucleation model.  



15 
 

 

Fig. 4. Dimensionless transients for copper reduction in the sulphate electrolyte containing simultaneously 

Cu2+ and Sn2+ ions. Theoretical transients of instantaneous and progressive nucleation were calculated 

from Eqs (1, 2). 

 

Table 1. Parameters of current transients calculated from Eqs. (3–6) 

CTU, g/L tm, s im, A/cm2 D, cm2/s N0, 1/cm2 Jnucl,
 1/(cm2∙s) 

0.001 0.49 ± 0.04 –0.045 ± 0.003 (2.62 ± 0.60) × 10–6 (1.52 ± 0.42) × 106 – 

0.003 0.84 ± 0.09 –0.042 ± 0.005 (3.91 ± 1.51) × 10–6 (0.61 ± 0.24) × 106 – 

0.005 1.04  ± 0.19 –0.035 ± 0.006 (3.36 ± 2.09) × 10–6 (0.59 ± 0.31) × 106 – 

0.010 1.51 ± 0.32 –0.031 ± 0.004 (2.40 ± 1.31) × 10–6 – (1.33 ± 0.90) × 106 
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To evaluate the theoretical predictions, Cu–Sn coatings were electrodeposited at the potential of 

−50 mV for 0.8 s in the same experimental conditions (cell geometry, surface preparation, etc.) and 

examined by SEM (Fig. 5). For comparison, SEM image of as-polished substrate is also provided (Fig. 

5a). Planar structures were formed from the electrolyte without TU (Fig. 5b, b*), which is consistent with 

the results of chronoamperometry (Fig. 2), where no pronounced current maxima was recorded at the i–t 

dependence, indicating formation of planar nanoclusters. Introduction of TU into the electrolyte results in 

a significant difference in morphology. When 0.001 g/L of TU was added to the electrolyte (Fig. 5c), the 

formation of clusters with ca. 100 nm in diameter was observed. Side-view SEM image (Fig. 5c*) 

supports the 3D nucleation mechanism. A further increase in the TU content (Fig. 5d–f) resulted in a 

decrease in the size of the formed clusters up to 20 nm while increasing their number. Moreover, the 

actual nuclei densities estimated from SEM images were greater by several orders of magnitude than those 

predicted by the model (Table 1). The reason of such inconsistency between theoretical calculations and 

experimental observations can be the effect of TU on electrocrystallization: (1) the organic additive is 

adsorbed on the surface of growing clusters suppressing their growth and (2) simultaneously favoring the 

formation of new nuclei. The process of the adsorption of ions onto the electrode surface, followed by 

surface diffusion and nucleation, which can occur parallel to conventional growth by attachment of ions 

from the electrolyte onto existing clusters, must be also considered. Adsorption is expected to be 

important only at early stages, since direct supply of ions to the surface will be reduced once the diffusion 

fields around the clusters overlap [52]. Moreover, the number of growing clusters, i.e., those that can be 

experimentally observed by SEM, do not reflect only nucleation, but also aggregation kinetics [40]. 

Although observing the individual nuclei in a cluster of overlapping nuclei on SEM images is somehow 

challenging, this method is more accurate than the mathematical equations. Deviation of the nuclei 

population density and size from those predicted by the models has been reported in the literature [41].  
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Fig. 5. (a) As-prepared Cu substrate, (b–f) top-view and (b*–f*) side-view SEM images of Cu–Sn 

coatings deposited at potential of −50 mV for 0.8 s from the sulphate electrolyte containing (b) 0; (c) 

0.001; (d) 0.003; (e) 0.005; and (f) 0.010 g/L of TU.  
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From a practical point of view, galvanostatic deposition is more favorable and common. To further 

examine the effect of TU on the electrodeposition of Cu–Sn alloy under galvanostatic conditions, 

chronopotentiometry measurements were performed at the cathodic current density of 0.014 A/cm2. This 

current density exceeds the DLC value of the reduction of copper ions estimated from LSV. The results 

obtained in the electrolyte containing individually Cu2+, as well as both Cu2+ and Sn2+ ions are 

summarized in Fig. 6a and Fig. 6b, respectively. In the case of copper electrodeposition (Fig. 6a), a sharp 

increase in the deposition potential to –480 mV is observed after 30–35 s of electrolysis, which is due to a 

copper ions depletion in the near electrode area. Further, the cathodic process occurs in the region of 

hydrogen evolution [33]. In the case of the solution containing both copper and stannous ions (Fig. 6b), a 

much smaller potential shift was recorded after 25 s of deposition. The electrode potential reaches –40–(–

90) mV that corresponds to the range of the UPD of tin. Moreover, potential maxima, observed on E–t 

dependences in the first seconds of electrolysis grow with the increase in TU concentration from 0 to 

0.010 g/L. Therefore, these maxima can be assigned to the crystallization overpotential due to the TU 

adsorption on the electrode surface with the formation of an additional energy barrier.  

 

Fig. 6. Chronopotentiograms of copper electrode in sulphate electrolyte containing (a) only Cu2+ and (b) 

simultaneously Cu2+ and Sn2+ ions with and without TU.  
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The obtained chronopotentiograms give evidence that only copper is deposited on the cathode’s 

surface in the first seconds of the galvanostatic process. Subsequently, the co-deposition of copper and tin 

is only possible when the concentration of copper ions at the electrode/electrolyte interface reach diffusion 

limitations (transition time τ is achieved). To confirm this conclusion, pulse galvanostatic electrolysis at 

the cathodic current density of 0.014 A/cm2 was performed from the electrolyte containing both Cu2+ and 

Sn2+ ions, as well as 0.001 g/L of TU, following with EDX analysis of formed coatings. Based on the 

evaluation of the chronopotentiograms, deposition time (pulse duration) was set to 20 and 28 s (Fig. 7a 

and 7b, respectively), and the pause time was 120 s. To ensure that the thickness of the film is enough for 

the EDX analysis, 10 pulse-pause deposition cycles were performed. The EDX data revealed that the 

coating obtained with the pulse duration of 20 s consists only of copper, while that obtained for 28 s is the 

copper-tin alloy (96.3 wt% Cu–3.7 wt% Sn). Thus, EDX analysis gives evidence of the two-stage process 

of the Cu–Sn alloy electrodeposition from the sulphate electrolyte at potentials higher than –140 mV. 

 

Fig. 7. EDX spectra of coatings deposited from the sulphate electrolyte containing Cu2+ and Sn2+ ions and 

0.010 g/L of TU. Сathodic current density of 0.014 A/cm2, impulse duration of (a) 20 s and (b) 28 s.  
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Summarizing the results of potentiostatic and galvanostatic experiments, the following mechanism 

of the electrochemical deposition of Cu–Sn from the sulphate electrolyte with TU addition at current loads 

exceeding the limiting diffusion current of copper ions can be proposed (Fig. 8). 

 

Fig. 8. Schematic illustration of the deposition mechanism of Cu–Sn alloy in the sulphate electrolyte 

containing TU. 
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It is known that adsorption of thiourea on copper in acidic media is characterized by negative 

values of the free Gibbs energy, i.e. is spontaneous [53]. When the cathode is immersed into the 

deposition bath (no current is passing through the system), a thin adlayer of TU is formed on its surface 

(Fig. 8a). Considering low TU/(Cu2+ + Sn2+) ratios used in this study, metal ions in the bulk solution are 

presented primarily as aquated cations. Our electrochemical results show that reduction of copper is the 

initial step of the electrodeposition of Cu–Sn alloy in the region of the UPD of tin. The adsorbed layer of 

TU or Cu-TU complexes inhibit the reduction process of copper ions. In the first moment of electrolysis, 

3D clusters of copper are starting to form on the cathode surface. The following growth of the formed Cu 

clusters increases the coverage of the electrode surface. Then, the diffusion limitation of copper ions 

reduction (concentration of copper ions in the near-electrode area strives towards 0, Cs(Cu2+)→0) is 

reached (Fig. 8b). At this moment of time Cs(Cu2+) = 0, leading to the UPD of tin on the surface of the 

formed copper clusters (Fig. 8c).” 

 

3.3. Surface morphology of Cu–Sn coatings 

Figure 9 shows SEM images of the 13 μm-thick Cu–Sn coatings obtained at the deposition 

potential of –50 mV from the studied sulphate electrolyte with varying TU content. Rough, large-

crystalline coatings were formed from the electrolyte without TU (Fig. 9a). Such morphology can be 

explained by the continuous growth of the initially formed clusters without the formation of new ones. 

This results in a nonuniform microstructure of the coating formed. In the case when 0.001 g/L of TU was 

added to the electrolyte, a decrease in the size of crystallites is clearly visible (Fig. 9b). Only few large 

crystallites can be seen on SEM image. Moreover, a further increase in the TU concentration up to 0.010 
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g/L (Fig. 9c–e) promotes the formation of smooth coatings. These observations support the positive effect 

of TU on the microstructure of the formed alloy. 

 

Fig. 9. SEM images of Cu–Sn coatings deposited at −50 mV for 40 min from the sulphate electrolyte 

containing (a) 0; (b) 0.001; (c) 0.003; (d) 0.005; and (e) 0.010 g/L of TU.  

 

Coatings shown in Fig. 9 were also analyzed using EDX (Table 2). In this case, their thickness (6 

µm) was enough to ensure that the measured composition of the coating was not affected by the substrate 

material. The matte, pink coatings formed from the TU-free electrolyte contain up to 10.14 wt% Sn. The 

introduction of 0.001 g/L of TU contributes to the increase in the tin content of up to 12.78 wt%. 

However, a notable gradual decrease in the tin content from 12.78 to 11.68 wt% was observed upon 

increasing TU concentration up to 0.010 g/L. This changing of the coating composition may have come 

from the difference in the kinetics of the UPD of Sn, caused by the adsorption of TU on the surface of the 

electrode. However, it is possible that TU partially decomposes during electrolysis and a very thin 
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inhomogeneous layer of CuS and SnS sulfides is formed on the alloy surface,[54] which we were not able 

to detect by either EDX or XPS. 

 

Table 2. EDX analysis of Cu–Sn coatings (thickness of 13 µm) deposited at the potential of −50 mV for 

40 min 

Thiourea content, g/L 

Composition, wt% 

Cu Sn 

0 89.86 ± 0.24 10.14 ± 0.24 

0.001 87.22 ± 0.17 12.78 ± 0.17 

0.003 88.01 ± 0.46 11.99 ± 0.46 

0.005 88.16  ± 0.31 11.84  ± 0.31 

0.010 88.32 ± 0.49 11.68 ± 0.49 

 

In order to quantitatively describe the effect of TU on the roughness of the formed coatings, AFM 

topography images were obtained (Fig. 10). For the as-prepared Cu substrate calculated Ra was 20 nm 

(Fig. 10). As expected from SEM observations, Cu–Sn coatings electrodeposited from the electrolyte 

without TU are characterized by the highest Ra, which was found to be 275 nm. In the case when 

electrolyte contained TU in the concentration of 0.001, 0.003, 0.005, and 0.010 g/L, the measured Ra was 

41, 28, 16, and 9 nm, respectively.  
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Fig. 10. AFM topography images of (a) Cu substrate and Cu–Sn coatings deposited at −50 mV for 40 min 

from the sulphate electrolyte containing (b) 0; (c) 0.001; (d) 0.003; (e) 0.005; and (f) 0.010 g/L of TU.  

 

3.4. Phase composition of Cu–Sn coatings 

As reported elsewhere [11,13,20], Cu–Sn coatings electrochemically deposited from sulphate 

electrolytes contain phases that are thermodynamically stable only at high temperatures. X-ray diffraction 

patterns of Cu–Sn coatings obtained on a polycrystalline copper substrate are presented in Fig. 11. The 

diffraction peaks of the coatings obtained from solutions containing TU are slightly shifted towards lower 

2θ angles as compared to pure Cu (JCPDS 4-368). This shift testifies a slight increase in the interplanar 

spacing due to the impregnation of tin atoms and the formation of the α-CuSn phase. Average crystallite 

size ranges from 69 to 83 Å. The sharp peaks confirm the highly crystalline nature of ceria.  
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Fig. 11. XRD patterns of copper substrate and Cu–Sn coatings deposited at −50 mV for 40 min from the 

sulphate electrolyte with and without TU. Spectra are vertically shifter for the ease of comparison  
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4. Conclusions 

Cu–Sn coatings were successfully deposited in either potentiostatic and galvanostatic regimes 

from sulphate solutions containing TU. The results of linear voltammetry showed that in the 

concentrations up to 0.010 g/L TU causes pronounced inhibitory effect only on the reduction of copper 

ions and co-deposition of copper and tin is possible when copper ions are discharged at the limiting 

diffusion current. The Cu–Sn alloy is deposited at potentials lower than the standard reduction potentials 

of the Sn2+|Sn0 system. Chronoamperometry studies revealed that the potentiostatic electrodeposition of 

Cu–Sn from TU-containing solutions proceeds through 3D nucleation of copper with diffusion-controlled 

growth of clusters. When TU was added to the solution in the amount of 0.001–0.005 g/L, copper 

nucleates according to instantaneous mechanisms, while progressive nucleation governs copper nucleation 

at the TU concentration of 0.010 g/L. In the galvanostatic experiments, the UPD of tin was observed on 

the surface of copper clusters when diffusion limitations of the reduction of copper ions were reached. The 

introduction of TU has a positive effect on the morphology and average surface roughness of Cu–Sn 

coatings. 
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