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Abstract: In this work, Cu–Sn–TiO2 composite coatings were electrochemically obtained from a sul-

fate bath containing 0–10 g/L of TiO2 nanoparticles. The effect of TiO2 particles on kinetics of ca-

thodic electrodeposition has been studied by linear sweep voltammetry and chronopotentiometry. 

As compared to the Cu–Sn alloy, the Cu–Sn–TiO2 composite coatings show rougher surfaces with 

TiO2 agglomerates embedded in the metal matrix. The highest average amount of included TiO2 is 

1.7 wt.%, in the case of the bath containing 5 g/L thereof. Composite coatings showed significantly 

improved antibacterial properties towards E. coli ATCC 8739 bacteria as compared to the Cu–Sn 

coatings of the same composition. Such improvement has been connected with the corrosion re-

sistance of the composites studied by linear polarization and electrochemical impedance spectros-

copy. In the bacterial media and 3% NaCl solutions, Cu–Sn–TiO2 composite coatings have lower 

corrosion resistance as compared to Cu–Sn alloys, which is caused by the nonuniformity of the sur-

face. 

Keywords: copper–tin alloy; electrodeposition; composite coating; titania; antibacterial properties; 

corrosion 

 

1. Introduction 

Bacterial infections and their complications cause a decline in the life quality and 

death of millions of patients around the world every year. The most common route of 

transferring pathogenic microorganisms is direct human contact with contaminated con-

tact surfaces (fomites). That is an urgent problem in public places, for example, shopping 

centers, educational facilities, hospitals, and office buildings, since their microclimate pro-

motes a rapid growth and transmission of microorganisms on metal handrails and door-

knobs [1–4]. Moreover, many types of germs can survive on indoor surfaces for several 

days, with some of them being able to survive for longer than one month. In this regard, 
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potentially contaminating surfaces must provide antibacterial and anticorrosive protec-

tion while maintaining high decorative and mechanical properties. 

Recently, copper and copper alloys have attracted increased attention due to their 

pronounced antibacterial activity against many germs [5–11]. Van Doremalen et al. re-

ported [12] that copper surfaces are the most effective in the suppression of the SARS-

CoV-2 and SARS-CoV-1 coronaviruses activity with a destruction time of 4 h. For com-

parison, they remained active on plastic and stainless-steel surfaces for up to 72 h. It is 

generally accepted [13] that the use of copper-based fomites can reduce the number of 

infections caused by SARS-CoV-2 and other viruses. Hutasoit et al. proposed a cold-spray 

coating of copper on in-use steel parts to alleviate the tendency of SARS-CoV-2 spreading, 

with 96% of the virus inactivated within 2 h [14]. Copper and copper-based coatings can 

also be effectively used against antibiotic-resistance hospital bacteria, like Escherichia coli 

(E. coli), Bacillus subtilis, and Staphylococcus epidermidis (S. epidermidis) [11,15]. However, 

copper has low wear resistance, quickly tarnishes, and loses its decorative appearance. On 

the contrary, copper-based alloys have high mechanical properties and good corrosion 

resistance. It is known that tin bronzes obtained by metallurgical methods have satisfac-

tory antibacterial activity [7,9,16]. However, from the economic point of view, it is more 

favorable to apply a top finishing layer of an active coating on the goods. For this reason, 

electrodeposition of functional top coatings is a recent trend in the management of poten-

tially contaminated environments. During galvanic deposition of alloys, it is possible to 

obtain phases, which are stable at room temperature but do not correspond to the phase 

diagrams (intermetallics, solid solutions, and high-temperature phases) [17]. For this rea-

son, galvanic and metallurgical alloys of the same quantitative composition can differ sig-

nificantly in their physical-mechanical and physical-chemical properties. 

Galvanic Cu–Sn coatings containing 10–20 wt.% of tin are similar in their physical-

mechanical and corrosion properties to nickel coatings, however, unlike the latter, they 

are hypoallergenic and have lower cost [18,19]. Electrochemical deposition of Cu–Sn al-

loys can be performed from the sulfuric acid electrolytes, which are the most versatile and 

easy-to-prepare type of plating bath [20–22]. Co-deposition of copper and tin from these 

electrolytes can occur at potentials that are more positive than the equilibrium potential 

of the Sn2+/Sn system (−0.14 V) due to the underpotential deposition (UPD) of tin [20]. 

Utilization of sulfuric acid electrolyte allows obtaining high-quality Сu–Sn coatings con-

taining 6–18 wt.% of tin [22]. There are several studies reporting antibacterial properties 

of Cu–Sn coatings [7,9]. However, these reports are mostly focused on the antibacterial 

effect of Cu–Sn coatings containing 4–6 wt.% of tin. 

Further improvement of such coatings can be achieved by the co-deposition of a 

metal matrix with the second-phase reinforcement particles, forming nanocomposites 

with enhanced functional properties and extended potential applications [23–25]. The use 

of electrochemical deposition for this purpose has many important advantages, such as 

low energy consumption, uniform distribution of reinforcing particles in a metal matrix, 

and better bonding between particles and metal matrix [24,26,27]. Composite coatings 

Cu–Sn–SiC [28], Cu–Sn–graphite–Al2O3 [29], and Cu–Sn–TiO2 [25,30,31] with improved 

tribological and physicomechanical properties were obtained electrochemically. Tita-

nium(IV) oxide due to its physical-mechanical and photocatalytic properties, as well as 

chemical resistance in corrosive media, is widely used as a hardening phase in the depo-

sition of composite coatings [32–39]. Galvanic coatings modified with TiO2 nanoparticles 

can exhibit photocatalytic properties, which is well demonstrated in the literature [33–35]. 

Improved tribological properties of Cu–Sn–TiO2 coatings were reported in [25,30,31]. 

Nevertheless, to our best knowledge, the effect of TiO2 particles on the co-deposition of 

copper and tin, as well as on the corrosion and antibacterial properties of such nanocom-

posites has not been studied widely in the literature. 

In this work, we aimed to investigate the process of electrochemical deposition of 

Cu–Sn–TiO2 coatings from a sulfuric acid electrolyte. The effect of the concentration of 

TiO2 nanoparticles in the electrolyte on the microstructure, qualitative and quantitative 
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composition, physical-mechanical, antibacterial, and corrosion properties of the formed 

coatings was studied. 

2. Materials and Methods 

2.1. Electrodeposition of Composite Coatings 

The electrochemical deposition of Cu–Sn–TiO2 composite coatings was performed 

from a sulfuric acid bath of the composition listed in Table 1. All solutions were prepared 

with 18.2 MΩ cm deionized water (Polwater, Krakow, Poland) and reagents of chemically 

pure grade (Belreachim, Minsk, Belarus). The pH of the as-prepared electrolyte was <1. 

As a second phase, TiO2 nanoparticles (Degussa aeroxide P25) were introduced into the 

electrolyte in amounts of 0, 1, 5, and 10 g/L. Hereafter, the coatings obtained from these 

electrolytes are labeled as Ti-0, Ti-1, Ti-5, and Ti-10, respectively. Figure 1 shows the scan-

ning electron microscopy (SEM) image of the used TiO2 powder with the particle sizes 

ranging from 30 to 50 nm. 

Table 1. Composition of the sulfate bath for electrodeposition of Cu–Sn–TiO2 composite coatings. 

Component Contents in Bath, g/L Purpose of Component 

CuSO4⋅5H2O 40 Source of Cu2+ 

SnSO4 40 Source of Sn2+ 

H2SO4 100 Base electrolyte 

Thiourea 0.005 Brightening additive 

TiO2 0–10 Second phase 

 

Figure 1. SEM image of Degussa P25 TiO2 powder used in this work. 

Before electrodeposition, as-prepared solutions were ultrasonically treated (power of 

50 W) using an UP 200 Ht ultrasonic homogenizer (Hielscher Ultrasonics GmbH, Teltow, 

Germany) for 20 min to provide deagglomeration and better dispersion of TiO2 particles 

in the volume of the electrolyte. In the course of the deposition, the electrolyte was me-

chanically stirred every 5 min for 10 s (stirring rate 400 rpm). Cathodic deposition of coat-

ings was performed in the potentiostatic mode at 20 °C. The deposition time varied de-

pending on the applied potential to obtain coatings with a thickness of 10 μm. The values 

of the cathodic deposition potentials are indicated in the text of the contribution in the 

scale of a standard hydrogen electrode (SHE). A copper-foiled dielectric with a surface 

area of 8 cm2 was used as the cathode and an M0 copper plate was used as the anode. The 

distance between the cathode and the anode was 40 mm. Before experiments, cathodes 

were chemically treated according to the State Standard GOST 9.305-84. The treatment 
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included degreasing in the solution containing 15 g/L Na2CO3, 30 g/L Na3PO4·12H2O, and 5 

g/L Sintanol DS10 with further activation in 0.1 M H2SO4. 

Сathodic polarization curves and chronopotentiograms in the studied electrolyte 

were recorded in a standard three-electrode glass electrochemical cell using an AUTOLAB 

PGSTAT302N potentiostat/galvanostat (Metrohm Autolab B.V., Utrecht, The Nether-

lands). The linear potential sweep rate during polarization measurements was 1 mV/s. 

The working electrode was a copper-foiled dielectric with an area of 1 cm2; a silver/silver 

chloride was used as the reference electrode, and an M0 copper plate served as the counter 

electrode. 

2.2. Morphology and Structural Analysis 

The morphology and elemental composition of the formed coatings were determined 

using a JSM-5610 LV (JEOL Ltd., Tokyo, Japan) scanning electron microscope equipped 

with an EDX JED-2201 JEOL elemental analysis system. The recalculation of the mass con-

tent of titanium to the titanium dioxide was carried out according to the formula: 

2 2ω(TiO ) ω(Ti) (TiO ) / (Ti)M A=  (1) 

where ω(TiO2) is the mass content of titanium dioxide in the coating (wt.%); ω(Ti) is the 

weight content of titanium in the coating according to EDX data (wt.%); M(TiO2) is the 

molar mass of TiO2 (g/mol), and A(Ti) is the atomic mass of titanium (a. e. m.). 

The structural analysis of coatings was performed by X-ray diffraction (XRD) using 

a PANalytical Cubix X’Pert Pro X-ray (Malvern Panalytical B.V., Almelo, The Nether-

lands) diffractometer using CuKα radiation (λ = 1.5418 Å). Diffraction patterns were rec-

orded at a scan rate of 2 deg/min with a 0.1 deg. step. The obtained diffraction patterns 

were processed using the Match! software and the COD (Crystallography Open Database) 

reference base. 

The X-ray photoelectron spectroscopy (XPS) measurements were done using an ES-

CALAB 220 XL XPS spectrometer (Thermo Fisher Scientific, Waltham, USA) featuring a 

monochromatic Al Kα X-ray source (1486.6 eV). A pass energy of 20 eV was applied. The 

charge compensation was assured through low-energy electron and low-energy Ar+ ions 

bombardment of the sample, with the final peak calibration at adventitious carbon C1s 

(284.6 eV). 

2.3. Antibacterial Performance 

Antibacterial properties of the obtained coatings were determined using the classical 

Koch method by counting living bacteria colonies after their contact with the examined 

surfaces. The test cultures were the sanitary indicative Escherichia coli (E. coli) ATCC 8739. 

Before inoculation of the bacteria, the test samples were sterilized in ethanol (70%) for 1 h 

and then dried under UV irradiation. Overnight culture of E. coli was diluted to a concen-

tration of ~106–107 CFU/mL and inoculated (50 µL) onto the surface of the studied samples. 

The samples were covered with a sterile film to ensure the spreading of the bacterial cul-

ture over the surface and incubated for 45 or 90 min. After incubation, the samples (with 

a film) were washed with 10 mL of saline solution containing Triton x-100 (0.001 vol.%). 

Undiluted wash liquid was plated on a solid medium (nutrient agar). The inoculations 

were incubated in such conditions for 24 h at a temperature of 30 °C, after which the col-

ony-forming units were counted. All corrosion and antibacterial experiments reported in 

this paper were at least triplicated on independent samples. 

2.4. Electrochemical Measurements 

In electrochemical experiments, a platinum mesh was used as the counter electrode 

and a saturated silver/silver chloride electrode served as a reference. As a model corrosive 

medium, 3% NaCl solution and bacterial media were used. The composition of the bacte-

rial media is provided in Table S3 in the Supplementary Information. The polarization 
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curves of the obtained coatings were recorded in the potential range from −200 mV to +200 

mV relative to the open-circuit potential (OCP). The electrochemical impedance spectros-

copy (EIS) spectra were recorded at the OCP value in the frequency range from 105 to 10–

2 Hz, the ac potential amplitude of 10 mV, and 7 measured points per frequency decade. 

The consistency of the EIS data was evaluated using the Kramers–Kronig transformation 

procedure available in the potentiostat software. The analysis of the EIS spectra, selection 

of equivalent circuits, and fitting of their parameters were performed in the ZView 3.2c 

software. 

3. Results and Discussion 

3.1. Electrodeposition of Cu–Sn–TiO2 Composite Coatings 

Figure 2 presents polarization curves of the copper electrode obtained in the studied 

electrolytes containing 0–10 g/L TiO2. The introduction of TiO2 nanoparticles into the elec-

trolyte leads to a shift of the polarization curves to the electronegative region. All the ob-

tained polarization dependences can be divided into three areas. In the range of potentials 

from 0.30 to 0.00 V, only copper(II) ions are discharged at the cathode. When potentials 

more negative than 0.04–0.00 V are reached, the polarization curves show a monotonic 

increase in the current density, which is caused by the UPD of Sn. At potentials lower than 

−0.20 V, the slope of the current-voltage dependence changes, which is caused by the onset 

of the discharge of stannous ions under the overpotential deposition (OPD). The obtained 

polarization curves revealed that the introduction of TiO2 particles into the studied bath 

leads to only slight inhibition of the discharge of copper(II) ions and a decrease in the 

overall rate (current density) of processes occurring on the electrode in the potential range 

from 0.00 to −0.20 V. 

 

Figure 2. Cathodic polarization curves of copper electrode in sulfate electrolytes of Cu–Sn–TiO2 

deposition. 

The electrochemical deposition of copper and tin in sulfuric acid electrolytes occurs 

under the diffusion control of the discharge of copper(II) ions [20,21,30,35,40]. For this 

reason, a decrease in the cathodic current densities in the electrolytes containing TiO2 na-

noparticles seen in Figure 2 can be due to the following reasons: 
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(i) according to the Guglielmi model of the electrochemical deposition of composite 

coatings [40], TiO2 nanoparticles can physically adsorb on the electrode surface dur-

ing electrolysis, thereby reducing the active electrode area involved in the electro-

chemical process. This leads to a decrease in the current response at an applied po-

tential; 

(ii) since diffusion is the limiting stage of the discharge of copper(II) ions in acidic elec-

trolytes, TiO2 particles dispersed in the electrolyte could prevent diffusion and mi-

gration of copper and stannous ions from the bulk solution to the electrode surface. 

To study the effect of TiO2 nanoparticles on the galvanostatic deposition of Cu–Sn–

TiO2 coatings, chronopotentiograms of the copper electrode in the examined solutions 

were obtained at a cathodic current density of −0.015 A/cm2 (Figure 3). 

 

Figure 3. Chronopotentiograms of copper electrode in sulfate solutions obtained at the cathodic 

current density of −0.015 A/cm2. 

At the initial moment of deposition (from 1 to 2 s), the chronopotentiograms exhibit 

potential maxima corresponding to the overvoltage of the formation of the first copper 

clusters [20]. After reaching the maximum, the electrode potential gradually shifts to the 

electronegative region, which is caused by a progressive reduction of copper ions in the 

cathode interface. The subsequent plateau of the electrode potential indicates that copper 

ions discharge at the limiting diffusion current and the UPD of tin is initiated [20,41]. As 

the content of TiO2 nanoparticles in the electrolyte increases, the dependences shift to 

more negative potentials, which may indicate a decrease in the fraction of the current con-

sumed to the discharge of copper(II) ions and subsequent increase in the partial current 

of the tin deposition. Therefore, this effect of TiO2 particles must be considered during 

electrodeposition under galvanostatic conditions, since increasing the electrode potential 

will lead to an increase in the tin content in the alloy. This may complicate a comparative as-

sessment of the corrosion and antibacterial properties of Cu–Sn and Cu–Sn–TiO2 coatings. 

To assess the effect of the TiO2 nanoparticles in the electrolyte on the microstructure 

and grain size of the formed coatings, electrolysis was carried out in the potentiostatic 

mode at a deposition potential of −0.05 V. 
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3.2. Microstructure and Elemental Composition 

Figure 4 shows SEM images of the obtained coatings. Homogeneous fine-grained 

coatings were formed from the electrolyte without TiO2 particles (Figure 4a). Obtained 

coatings have good adhesion to the substrate without visible delamination at the coat-

ing/substrate interface (cross-sectional images, Figure S1 in the Supplementary Infor-

mation). The grain size of the formed alloy varies from 20 to 70 nm. The introduction of 

TiO2 particles in the electrolyte did not significantly change the grain size of the metal 

matrix, however, it did noticeably change the microstructure (Figure 4b–d). It is clearly 

seen that many sphere-shaped features with sizes between 1 and 10 μm were formed on 

the surface of Ti-1, Ti-5, and Ti-10 coatings (Figure S1 in the Supplementary Information). 

Nonuniform inclusions of 200–700 nm in size, which were not observed in the case of Cu–

Sn coating, are also noticeable in the microstructure. An increase in the content of TiO2 

particles in the electrolyte resulted in higher inhomogeneity of the surface and an in-

creased number of agglomerates in the alloy matrix. The formation of globular deposits 

could be ascribed either to theTiO2 particles embed into the metal matrix and then covered 

by a next layer of the coating or to the negative effect of the second-phase particles on the 

current distribution over the electrode surface. Introduction of TiO2 also decreased luster 

of the coatings but significantly improved their microhardness (Table S1 in the Supple-

mentary Materials). 

 

Figure 4. SEM images of Cu–Sn (а–с) and Cu–Sn–TiO2 coatings Ti-1 (d–f), Ti-5 (g–i), and Ti-10 (j–l) deposited at the ca-

thodic potential of −0.05 V. 
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The point EDX analysis of the two characteristic morphology regions on the surface 

of Ti-1 coating is shown in Figure 5. The results confirmed that fine smooth areas of the 

surface are Cu–Sn alloy with the stacked granules being TiO2 particles. 

Table 2 reports the EDX chemical composition of the coatings electrodeposited from 

the electrolytes with varying TiO2 content. High-quality yellow coatings were formed at 

a deposition potential of −0.05 V (region of Sn UPD). As expected from the selected elec-

trodeposition mode (Figure 3), coatings have almost equal content of tin (11.3–11.5 wt.%) 

with the Ti-1 coating containing 10.8 wt.% of tin. The maximum average amount of TiO2 

was observed in the Ti-5 coating (1.7 wt.%). It can be explained by higher agglomeration 

and, consequently, lower sedimentation stability of the electrolyte containing 10 g/L TiO2. 

However, we cannot exclude some variation of the TiO2 content in the bulk of the exam-

ined coatings. 

 

Figure 5. Point EDX analysis of Ti-1 coating surface. The signal from Pt on EDX spectra originates from the top sputtered 

layer. 

Table 2. EDX chemical composition (scans are 50 × 50 µm2) of Cu–Sn and Cu–Sn–TiO2 coatings 

deposited from sulfate electrolyte with varying TiO2 content. 

Coating 
Chemical Composition, wt.% 

Cu Sn TiO2 

Ti-0 88.6 ± 0.4 11.4 ± 0.4 0 

Ti-1 89.0 ± 0.5 10.8 ± 0.4 0.2 ± 0.1 

Ti-5 87.8 ± 0.6 11.5 ± 0.4 1.7 ± 0.2 

Ti-10 88.1 ± 0.5 11.3 ± 0.4 0.6 ± 0.1 

The EDX element distribution maps over the surface of the electrodeposited compo-

site coatings are shown in Figure 6. They illustrate that Cu and Sn are uniformly distrib-

uted over the surface regardless of the concentration of TiO2 particles in the electrolyte. 

During the electrodeposition process, TiO2 particles are embedded into the metal matrix 

as agglomerates with sizes varying from sub- to several microns. 
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Figure 6. SEM images (to the left) and corresponding EDX elemental maps of Ti-1 (а), Ti-5 (b), and Ti-10 (c) Cu–Sn–TiO2 

composites obtained at −0.05 V. 

3.3. XRD and XPS Analysis 

Figure 7 shows XRD patterns of the obtained coatings. As can be seen from the data 

obtained, the main reflections of the obtained coatings are shifted to smaller angles as 

compared to the pure Cu phase (JCPDS 4-368). This indicates an increase in the intercrys-

tallite distance of the metal matrix due to the introduction of tin atoms into the copper 

crystal lattice. This shift was lower for the Ti-1 coating, as it has the lowest amount of tin 

(Table 2). All coatings have the fcc crystal structure with the preferred orientation in (111) 

plane. The formation of a single-phase solid solution is consistent with our previous stud-

ies [20]. 

The XPS analysis was performed to analyze the modification of Cu–Sn surface chem-

istry through TiO2 embedding into the coating. The results of high-resolution XPS analysis 

recorded in the core-level binding energy range of Cu2p, Sn3d, and Ti2p spectra are sum-

marized in Figure 8. 

The recorded Cu2p spectra reveal complex copper chemistry, two peak doublets 

were used for the deconvolution process with Cu2p3/2 peaking at 932.7 and 934.1 eV, re-

spectively. The primary of the two components, located at lower binding energies lies in 

the energy range characteristic of metallic copper and copper (i) oxides. To distinguish 

them further, the supplementary CuLMM Auger electron spectra were recorded with the 

kinetic energy peaking at 916.8 eV for both studied samples. These results suggest that 

Cu2O is the primary copper constituent within the discussed XPS spectra, confirming the 

proposed corrosion mechanism (see Equation (6)). The second Cu2p component is located 

at the binding energies typical for Cu2+ and is most likely present in the form of Cu(OH)2, 

a conclusion drawn based on the peak binding energy value and characteristic shape of 

the Cu2+ satellite features [42]. Interestingly, the addition of TiO2 does not significantly 

alter the Cu+:Cu2+ ratio. 
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Figure 7. XRD patterns of Cu–Sn and Cu–Sn–TiO2 coatings (thickness 10 µm). 

 

Figure 8. XPS spectra of (a–c) Cu–Sn and (d–f) Cu–Sn–TiO2 coatings. High-resolution spectra recorded in the binding 

energy range of (a,d) Cu2p, (b,e) Sn3d, and (c,f) Ti2p. The inset in (a) shows CuLMM Auger spectra. 

The XPS data confirmed the presence of Ti4+ species at the surface of the analyzed 

Cu–Sn–TiO2 sample, through the appearance of Ti2p3/2 peak at approx. 458.4 eV. 
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Furthermore, tin oxidation in line with Equation (3) was confirmed through identification 

of Sn4+ Sn3d5/2 peak at 486.6 eV. The addition of TiO2 to the studied Cu–Sn coating did not 

alter tin surface chemistry, but, interestingly, a consequence was a higher surface Sn:Cu 

ratio (12.4% in the case of Cu–Sn–TiO2 compared to 2.6% for Cu–Sn coating). This can 

suggest that the surface of composite coatings is enriched in the corrosion products of tin, 

which is anodic component in the Cu–Sn system. The detailed surface composition exam-

ined by XPS is summarized in Table S2 in the Supplementary Information. 

3.4. Antibacterial Performance 

The antibacterial activity of the studied coatings was determined relative to the san-

itary indicative bacteria E. coli ATCC 8739. Stainless-steel coupons (AISI 304) were used 

as a reference. The results of the bacterial tests are summarized in Figure 9. The concen-

tration of viable cells in the initial suspension was 9.8 × 106 CFU/mL. In the case of the 

reference sample, an increase in the number of bacteria colonies to 8.6 × 107 CFU/mL was 

observed after 45 min of the sample contact with the bacteria without UV treatment. This 

indicates that the stainless-steel surface provides favorable conditions for the reproduc-

tion of microorganisms. In turn, all obtained copper-based coatings showed pronounced 

antibacterial effect. The concentration of bacteria decreased by 1–2 orders of magnitude 

after 45 min of the contact with the Ti-0 sample. Coatings modified with TiO2 particles 

showed improved antibacterial properties in comparison with Cu–Sn coatings. After 45 

min of contact with the surface of Cu–Sn–TiO2 coatings, the number of active E. coli colo-

nies decreased by 3 orders of magnitude, and after 90 min of testing, it was below the 

detection limit. 

 

Figure 9. Antibacterial properties of obtained coatings towards E. coli ATCC 8739. 

Evaluation of antibacterial properties under UV irradiation showed that this type of 

treatment decreased the number of active colonies on the surface of Cu–Sn coatings almost 

two times as compared to the data without UV treatment after 90 min of contact. In the 

case of Cu–Sn–TiO2 composite coatings, the number of bacteria colonies was below the 

detection limit after 45 min of UV treatment. High antibacterial activity of Cu–Sn–TiO2 

coatings under UV treatment is explained by the presence of TiO2 particles on their sur-

face. These particles, being photocatalytically active, generate active forms of oxygen, 

which have a strong oxidation stress on the bacteria cells [43]. 

The antibacterial properties of copper and its alloys are usually connected to the re-

lease of copper ions, which have a strong oxidative effect on the membrane and/or wall 

of the bacterial cell [7–10]. It leads to the damage of the cell membrane and further to 

disruption of the expression of genetic material. In this regard, the antibacterial activity of 

the coatings is mainly connected with the concentration of copper ions at the coating/elec-

trolyte interface. In turn, concentration of copper ions will strongly depend on the 
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corrosion rate of the coating in the operating environments. For this reason, a detailed 

evaluation of the corrosion resistance of the formed composites was performed in 3% 

NaCl solutions and bacterial media. 

3.5. Corrosion Properties 

The corrosion performance of the obtained Cu–Sn and Cu–Sn–TiO2 coatings in the 

3% NaCl solution was evaluated by polarization and EIS studies. The polarization curves 

obtained after 15 min exposure of the coatings to the 3% NaCl solution are shown in Fig-

ure 10a. The electrochemical parameters of the corrosion process calculated from the po-

tentiodynamic polarization data are summarized in Table 3. 

Analysis of the polarization curves showed that the corrosion potential, Ecorr, for Ti-0 

sample is 0.030 V. For the Ti-1 and Ti-10 coatings Ecorr it slightly shifted to the cathodic 

region reaching the value of ca. 0.020 V. Oppositely, for the Ti-5 coating, a shift to a more 

noble potential of 0.043 V was observed. Such a small variation in Ecorr can be caused by 

the surface passivation and almost equal Cu-to-Sn ratio in the coatings. The calculated 

value of the corrosion current density, icorr, for the Ti-0 sample is 1.2 × 10–7 A/cm2. The 

introduction of TiO2 nanoparticles into the deposition bath deteriorated the corrosion sta-

bility of all TiO2-containing composites, which are characterized by 7–9 times higher icorr 

values as compared to the Ti-0 coating. 

 

Figure 10. Potentiodynamic polarization curves of Cu–Sn and Cu–Sn–TiO2 coatings after 15 min exposure to 3% NaCl 

solution (a) and bacterial media (b). 

Furthermore, the solution used for bacterial testing has a different composition (Ta-

ble S3 in the Supplementary Information). The results of the corrosion experiments in this 

medium showed that the corrosion rate was generally lower than in 3% NaCl solution 

(Figure 10b and Table 3). Thus, it can be expected that the antibacterial performance of the 

obtained composites in the exploitation conditions could be further improved due to a 

faster release of copper ions from the coating. 

To further evaluate the dynamics of the corrosion performance of the examined coat-

ings, EIS spectra were obtained after 15 min (Figure 11a) and 168 h (Figure 11b) of their 

corrosion in 3% NaCl solution. In both cases, two time constants in the form of suppressed 

semicircles can be distinguished in the Nyquist plots of all samples. The semicircle at high 

and medium frequencies characterizes the coating surface and the semicircle at low fre-

quencies characterizes the coating/substrate interface. The presence of two time constants 

implicitly confirmed the heterogeneity of the formed coatings. Analysis of the EIS spectra 

showed that the Ti-0 coating has higher values of the impedance modulus than the coat-

ings modified with TiO2 particles. A significant increase in the impedance modulus of all 

the samples was observed after 168 h of exposure to the corrosive environment (Figure 
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11b), which is due to the formation and compaction of a passive film of the corrosion 

products on the surface. 

Table 3. Parameters of corrosion process extracted from potentiodynamic polarization curves. 

Coating 
3% NaCl Bacterial Media 

Ecorr/V icorr/10–7 A/cm2 Ecorr/V icorr/10–8 A/cm2 

Ti-0 0.030 ± 0.005 1.20 ± 0.11 0.064 ± 0.010 3.04 ± 0.12 

Ti-1 0.019 ± 0.004 10.71± 0.09 0.099 ± 0.009 5.78 ± 0.10 

Ti-5 0.043 ± 0.002 8.45 ± 2.07 0.057 ± 0.011 5.80 ± 0.24 

Ti-10 0.019 ± 0.004 9.62 ± 0.13 0.045 ± 0.010 3.15 ± 0.26 

To quantitatively describe the obtained impedance spectra, the equivalent circuit 

shown in Figure 11a was used. Here, R1 corresponds to the electrolyte resistance; R2 is the 

resistance of the surface layer of corrosion products; CPE1 describes the capacitive re-

sponse of the layer of corrosion products; R3 is the charge transfer resistance; CPE2 is the 

capacitive response of the electric double layer. The constant phase element (CPE) was 

used due to the significant heterogeneity of the coating surface. The impedance of the CPE 

element is given by: 

CPE

1

( )n
Z

Y jw
=  (2) 

where Y is the CPE constant and n is the mathematical factor. 

The results of the data fitting are presented in Table 4. Comparison of the corrosion 

resistance of the coatings was performed based on the values of the polarization re-

sistance, Rp, which for the used equivalent circuit was calculated as Rp = R2 + R3. It was 

found that regardless of the exposure duration, the composite coatings have lower Rp val-

ues than the Ti-0 coating. This result is in good agreement with the polarization studies 

(Figure 10). 

 

Figure 11. Nyquist EIS plots of Cu–Sn and Cu–Sn–TiO2 coatings after 15 min (a) and 168 h (b) of exposure to 3% NaCl 

solution. Symbols correspond to experimental data and lines are results of curve fitting. Equivalent circuit used for data 

evaluation is shown as an inset in (a). 

 

Table 4. Fitting data and calculated polarization resistance (Rp) extracted from EIS measurements. 
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Coating R1, Ω∙cm2 R2, Ω∙cm2 Y1, 10–4 Ω–1 cm–2 sn n1 Y2, 10−2 Ω–1 cm–2 sn n2 R3, Ω∙cm2 Rp, Ω∙cm2 

After 15 min of corrosion test 

Ti-0 10.58 ± 4.21 1850 ± 120 2.64 ± 1.10 0.74 ± 0.01 1.34 ± 0.20 0.90 ± 0.02 5010 ± 298 6860  

Ti-1 7.76 ± 5.53 1250 ± 225 4.26 ± 1.06 0.74 ± 0.02 2.12 ± 0.52 0.90 ± 0.04 2988 ± 327 4238  

Ti-5 8.12 ± 3.77 1600 ± 165 2.42 ± 0.99 0.74 ± 0.01 1.16 ± 0.17 0.75 ± 0.07 4510 ± 465 6110  

Ti-10 8.03 ± 2.96 1160 ± 144 4.54 ± 1.50 0.73 ± 0.03 1.22 ± 0.18 0.62 ± 0.03 2498 ± 143 3658  

After 168 h of corrosion test 

Ti-0 10.21 ± 1.22 4625 ± 465 2.22 ± 0.41 0.76 ± 0.04 1.40 ± 0.28 0.70 ± 0.06 6310 ± 631 10935 

Ti-1 4.18 ± 2.25 2852 ± 204 3.32 ± 1.03 0.79 ± 0.01 2.00 ± 0.92 0.69 ± 0.05 3818 ± 274 6670 

Ti-5 15.98 ± 5.04 3927 ± 134 3.20 ± 0.48 0.71 ± 0.05 1.20 ± 0.09 0.60 ± 0.02 6125 ± 551 10052 

Ti-10 12.94 ± 3.28 3766 ± 316 3.19 ± 1.16 0.71 ± 0.03 1.80 ± 0.66 0.64 ± 0.04 5652 ± 502 9891 

SEM micrographs of the Cu–Sn and Cu–Sn–TiO2 coatings after 168 h of immersion 

corrosion tests in the 3% NaCl solution are shown in Figure 12. Numerous adsorbed par-

ticles, most probably insoluble corrosion products, were seen on the surface of the Ti-0 

coating (Figure 12a). Despite this noticeable uniform change, no pronounced local corro-

sion attack was observed. In the case of Cu–Sn–TiO2 composites (Figure 12b–d), the local 

corrosion attack was mostly concentrated around globular formations in the microstruc-

ture of the coatings. Our SEM/EDX analysis (Figures 5 and 6) confirmed that those are 

surface areas where TiO2 particles are embedded into the alloy matrix. Such microstruc-

ture is characterized by significant heterogeneity and microdefects, which, in turn, can act 

as initiation sites of the local corrosion attack. The EDX analysis confirmed the presence 

of insoluble chloride-containing corrosion products on their surface (Figure S1 in the Sup-

plementary Information). Summarizing, the results of corrosion tests in 3% NaCl solution 

indicated that TiO2 particles can slightly decrease the corrosion resistance of the Cu–Sn 

matrix. 

 

Figure 12. SEM images of Ti-0 (a), Ti-1(b), Ti-5 (c), and Ti-10 (d) after 168 h of corrosion experiment in 3% NaCl solution. 
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The corrosion process of copper–tin alloys in chloride-containing media can be de-

scribed by the following mechanism [38,44–46]. Tin is a more electronegative component 

of the Cu–Sn alloy. Therefore, oxidation of tin at the Cu–Sn alloy/electrolyte interface will 

occur first with the formation of a SnO2 layer [44,45]: 

Sn + 2H2O − 4e → SnO2 + 4H+. (3) 

After this, the dissolution of the main component of the alloy (copper) in a chloride-

containing medium can proceed through the stage of the Cu+ ion formation according to 

the reactions [44,45]: 

e +− →Cu  Cu   (4) 

− →+Cu  + Cl  CuCl . (5) 

These corrosion products form a low-soluble dense adsorbed surface film [46]. At 

high concentrations of chloride ions in the near-electrode layer, the formation of CuCl– 

ions is also possible. They can further interact with water molecules, forming a layer of 

poorly soluble Cu2O on the sample surface [44,45]: 

− + −+ → +
2 2

CuCl H O  Cu O + 2H 4Cl . (6) 

In general, the incorporation of particles into electrodeposited metal coatings is re-

ported to improve their corrosion resistance [23,47,48]. However, contradicting results on 

the corrosion resistance of the electrochemically deposited Cu–Sn–TiO2 composite coat-

ings are reported in the literature. Ying et al. reported significantly improved corrosion 

resistance of Cu–Sn–TiO2 coatings due to the improved coating structure [30]. In turn, Gao 

et al. observed slightly improved corrosion resistance of Cu–Sn–Zn–1 g/L TiO2 coatings, 

while those deposited from the bath containing 5 g/L TiO2 were characterized by higher 

icorr [32]. Our results showed that all TiO2-containing composites are characterized by 

lower corrosion resistance as compared to the Cu–Sn alloy, probably due to the agglom-

eration of TiO2 particles. This results in the nonuniformity of the coating surface. The high-

est corrosion resistance among the composite coatings was shown by the Ti-5 sample, for 

which the Rp values are comparable with those for the Ti-0 coating. This composite is also 

characterized by the best uniformity of the second-phase particles distribution over the 

surface. Another important factor is that TiO2 agglomerates embedded in the Cu–Sn ma-

trix can form local microcathodes on the surface of the alloy, causing selective dissolution 

of the metal matrix around them. However, the main corrosion parameters of the obtained 

composites were still acceptable for their industrial application. Moreover, such corrosion 

behavior is favorable in terms of their antibacterial performance. 

Furthermore, the solution used for bacterial testing has a different composition (Ta-

ble S3 in the Supplementary Information). The results of the corrosion experiments in this 

medium showed that the corrosion rate was generally lower than in 3% NaCl solution 

(Figure 10 and Table 3). Thus, it can be expected that the antibacterial performance of the 

obtained composites in the exploitation conditions could be further improved due to a 

faster release of copper ions from the coating. Summarizing, the use of topcoat Cu–Sn–

TiO2 coatings in public areas can significantly reduce their bacterial load. 

4. Conclusions 

In this work, Cu–Sn–TiO2 coatings were electrochemically deposited from the sulfate 

bath, and their microstructure and antibacterial properties were examined. The following 

conclusions can be drawn: 

1. The results of linear polarization and chronopotentiometry experiments revealed 

that the introduction of 1–10 g/L of TiO2 particles into the sulfate electrolyte of the 

Cu–Sn deposition leads to a significant decrease in the cathodic current density, 

mainly due to reduced active electrode area involved in the electrochemical process. 
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2. SEM/EDX data revealed that Cu–Sn–TiO2 composite coatings obtained from sulfuric 

acid electrolyte are characterized by a more inhomogeneous structure than Cu–Sn 

coatings obtained under the same electrolysis conditions. It was found that TiO2 par-

ticles are embedded in the alloy matrix mostly in the form of agglomerates with sizes 

from 100 to 700 nm. 

3. Electrolysis in the potentiodynamic regime allowed to effectively control the chemi-

cal composition of the metal matrix, which contained 10.8–11.5 wt.% Sn. The highest 

average amount of embed TiO2 nanoparticles (1.7 wt.%) was observed in the coating 

obtained from the electrolyte containing 5 g/L TiO2. 

4. Introduction of TiO2 significantly improved antibacterial properties of the compo-

sites. All formed structures have pronounced bactericidal properties in relation to the 

strain of bacteria E. coli. This improvement was connected to the corrosion resistance 

of the formed composites. The best corrosion performance among composites was 

shown by the Ti-5 coating with corrosion resistance comparable to the Ti-0 coating. 

Supplementary Materials: The following are available online at www.mdpi.com/arti-

cle/10.3390/ma14206179/s1, Figure S1: Cross-sectional images of (a) Ti-0, (b) Ti-1, (c) Ti-5, and (d) Ti-

10 composite coating. The dashed line indicates the substrate (bottom) and the coating (top) border; 

Figure S2: EDX elemental distribution maps of Ti-0 (а) and Ti-5 (b) coatings after 168 h of corrosion 

experiments in 3% NaCl solution; Table S1: Luster and microhardness of Cu–Sn and Cu–Sn–TiO2 

coatings; Table S2: XPS surface chemical analysis of Cu–Sn and Cu–Sn–TiO2 coatings; Table S3: 

Composition of bacteria medium. 
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