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Abstract 

 This work reports on Ti1-xAgx and Ag-TiNx electrodes deposited by dc/pulsed dc magnetron 

sputtering at room temperature on poly (vinylidene fluoride) (PVDF) with the purpose to 

develop sensors for prosthesis. In Ti1-xAgx electrodes, silver content was varied from 0-100 at. 

%; and for Ag-TiNx electrodes, the nitrogen content was varied between 34 to 43 at. % and 

the Ti/Ag ratio changed from 12.2 to 5.2. The antibacterial activity of the samples was 
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assessed by agar diffusion method. Interestingly, samples from the Ag-TiNx series presented 

antibacterial activity, in contrast to the samples from Ti1-xAgx series. XPS results showed that 

the as-deposited samples from the Ag-TiNx series exhibited silver clusters smaller than 4 nm. 

In order to deepen the results obtained, samples were analysed after the Halo test 

(antibacterial test), and XPS analyses showed the disappearance of these Ag clusters in 

agreement with the SEM results, which displayed a visible aggregation and a significant 

decrease in the number of Ag clusters, suggesting that silver nanoparticles aggregated and 

diffused through the agar killing bacteria or inhibiting their grown in the vicinity. All results 

show that Ag-TiNx electrodes are more promising candidates to be used in PVDF sensor 

protection than Ti1-xAgx electrodes. 

 

Keywords: Piezoelectric PVDF; Ag coatings; Sputtering; Sensors protection; Antibacterial 

activity 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 
 

3 
 

1. Introduction 

The use of biomaterials is becoming increasingly common, in most cases as total or partial 

replacement of organs and tissues. Although there are some biomaterials presenting suitable 

mechanical properties and low cytotoxicity, they are often prone to microbial colonization 

[1,2]. This colonization is frequently associated to Staphylococcus epidermidis, being one of 

the most common bacteria found in orthopaedics prostheses [3,4]. In addition, infections 

caused by this microorganism are often associated to implant failure [5]. Hence, this 

strengthens the urgent need for the development of new coatings with improved antimicrobial 

properties.  

On the other hand, the future of prosthetic implants lays in the implementation of prevention 

mechanisms based on sensor systems, which allow to obtain valuable information about a 

wide range of biomechanical signals [6,7]. Piezoelectric materials are interesting for the 

development of such sensors because this material transforms mechanical loads into electrical 

signals, however, conductive electrodes are necessary for signal acquisition. Such electrodes 

must show good electrical conductivity and, since they are used in the human body, they must 

be biocompatible. Suitable electrodes may be produced with Ti-based coatings with 

multifunctional properties, such as electrical conductivity and antibacterial characteristics. 

Titanium and its alloys have been widely used as materials for artificial implants due to their 

biocompatibility and good corrosion resistance [8], and Ti shows electrical conductivity 

around 43 µΩcm [9]. TiN is an electrically conductive coating, with excellent chemical 

stability and outstanding mechanical properties, leading to a broad range of applications, 

including those in the biomedical area [10,11]. TiN is also biocompatible, but it is relatively 

hard [10–13]. The silver addition (good antimicrobial agent) to the TiN films may lead to a 

softer electrode, since silver presents a low Young’s Modulus [21] increasing the plasticity of 

TiN [11]. So, these surfaces open a wide range of possible applications, especially those 

related to coatings on polymers to develop flexible devices [10]. As referred above, silver is 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 
 

4 
 

also known as an antibacterial agent [14–17], in particular in its nanocrystalline form [13,15], 

and an excellent material for biosensor applications [11]. Akhavan et al.[18,19] reported two 

studies about the antibacterial effect of silver, one in which an electric field was applied in the 

direction of silver nanorods grown on a Ti interlayer deposited by dc magnetron sputtering, 

and another which reported compact Ag nanorods capped by sol-gel mesoporous TiO2 layer, 

both deposited onto silicon substrates. The two studies showed a strong, fast and lasting 

antibacterial activity against Escherichia coli (E. coli). 

Different coatings produced by magnetron sputtering have been considered as potential 

candidates for functional conductive electrodes for polymeric sensors. Regarding biomedical 

applications, TiNAg [10,11,20] and TiAg [9,21] coatings have been proposed for prosthesis 

pressure sensors and dry biopotential electrodes, respectively, due to their specific electrical 

and biological properties. However, in those studies the coatings were deposited on silicon 

and glass substrates. In fact, the high temperatures associated with the sputtering process 

represent the major limitation in the development of functional electrode coatings on 

piezoelectric PVDF substrates, due to the inevitable structural changes promoted by 

temperature as well as eventual depolarization of the sample, which leads to the loss of the 

piezoelectric response. Two recent studies [22,23], show the successful deposition of Ti1-xAgx 

and Ag-TiNx coatings by sputtering on PVDF substrates, maintaining the piezoelectric 

response of the polymer. 

The aim of the present work is to assess the antibacterial properties of Ti1-xAgx and Ag-TiNx 

electrodes produced by dc magnetron sputtering on PVDF substrate, in order to extend their 

application potential.   

2. Materials and methods 

2.1. Coatings preparation  

Ti1-xAgx and Ag-TiNx coatings were deposited by dc/pulsed dc magnetron sputtering onto 

PVDF thin films with a thickness of approximately 28 µm (Precision Acoustics Ltd). One 
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pure Ti target (99.99 %) and one Ag target (99.99 %) (both with 200 x 100 mm
2
) were used in 

an argon atmosphere for the Ti1-xAgx coatings and a Ar + N2 mixture for Ag-TiNx coatings, 

with the substrates rotating at 70 mm from the target at a constant speed of 7 rpm. For both 

series, the pressure in the deposition chamber was about 0.17 Pa and the argon flow was kept 

constant at 60 sccm while the N2 reactive gas flux was changed in the range of 0-6 sccm for 

Ag-TiNx coatings. In order not to vary significantly the Ag content in the Ag-TiNx films, the 

current density (J) applied to each target was kept constant. The Ti target was connected to the 

pulsed dc power supply, while the Ag target was connected to a dc power supply. The 

frequency and reverse time were fixed at 200 kHz and 1536 ns, respectively, corresponding to 

a duty cycle of 69 %. The deposition time was varied in order to obtain a final thickness 

ranging between 120 to 230 nm. In order to avoid the structural damage of the polymer 

substrate, the substrate temperature must be ideally kept below ∼100 °C, far from the melt 

transition temperature of PVDF [24]. In this sense, the depositions were performed without 

any external heating of the substrate and no bias polarization was applied on the substrate 

holder. 

2.2Chemical and physical analysis  

Chemical composition was obtained with an EDAX - Pegasus X4M – Energy dispersive 

spectrometer (EDS/EBSD) apparatus coupled with a scanning electron microscopy (SEM). 

Since the depth of analysis at 10 kV is about 300 nm for pure Ag and 700 nm for pure 

titanium, Ti1−xAgx and Ag-TiNx coatings with a thickness of 1 μm were deposited onto Si 

substrate for EDS analysis. 

The structure and phase distribution of the coatings were analysed by powder X-ray 

diffraction (XRD) using a Bruker D8 Discover diffractometer (Cu Kα radiation – λ =1.5406 

Å, step 0.04º, time per step 1s and 6-60 2θ interval). 

X-ray photoelectron spectroscopy (XPS) was carried out to analyse the chemical bonds of the 

compounds on the coating surface, before and after biological tests. The XPS analysis was 
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performed using a Kratos AXIS Ultra HSA, with VISION software for data acquisition and 

CasaXPS software for data analysis. The analysis was carried out with a monochromatic Al 

Kα X-ray source (1486.7 eV), operating at 15 kV (90 W), in FAT mode (Fixed Analyser 

Transmission), with a pass energy of 40 eV for regions ROI and 80 eV for survey. Data 

acquisition was performed with a pressure lower than 1 x 10
-6

 Pa, and a charge neutralization 

system was used.  The effect of the electric charge was corrected by the reference of the 

carbon peak (285 eV). The deconvolution of spectra was carried out using the CasaXPS 

program, in which a peak fitting was performed using Gaussian-Lorentzian peak shape after a 

Shirley type background subtraction. 

The surface morphology was examined by SEM through a NanoSEM – FEI Nova 200 

(FEG/SEM) equipped with a field emission gun (FEG), operated in high vacuum mode with a 

chamber pressure of 0.3 Pa. The micrographs were obtained with secondary (SE) and 

backscattered (BSE) electron detectors in “through-the-lens” (TLD) mode at acceleration 

voltage between 5 and 10 kV and working distance of around 5 mm. Measurements were 

performed in three areas randomly chosen in all samples before and after the biological tests. 

A magnification of 40 000x (40 Kx) and 150 000x (150Kx) was used. The particle size and 

distribution were analysed using the ImageJ software and a descriptive statistical analysis was 

performed. 

2.3Antibacterial properties 

The antibacterial activity of Ti1-xAgx and Ag-TiNx coatings was tested against Staphylococcus 

epidermidis (S. epidermidis, IE186 strain, a clinical isolate belonging to the CEB Biofilm 

Group collection). Zone of inhibition (ZoI) tests, adapted from Kirby-Bauer test [25], were 

carried out to determine the diffusion of silver from the coatings surface. The halo size was 

used as a qualitative measure of the sample activity. 

S. epidermidis was cultivated in liquid medium, by inoculation of a single colony on 20 mL of 

Tryptic Soy Broth (TSB, Merck) and incubated for 18 h at 37°C, and 120 rpm. Afterwards, 
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the resultant cell suspension was adjusted to an optical density (OD) of 1.0 at 640 nm and 

properly diluted in TSB to 1 x 10
7
 CFU.mL

−1
. 

The incubation of the bacteria in the agar was performed in two different ways: in the first 

one, 1 ml  of cells suspension was added to 14 ml of cooled (< 50°C) Tryptic Soy Agar (TSA, 

Merck) and placed into sterile plastic petri dishes; in the second, an aliquot of cells suspension 

(100 µL), containing approximately 1 x 10
5
 CFU.mL

−1
 (this concentration is required in order 

to maintain the same order of magnitude as the first procedure) was spread in TSA Petri 

dishes.  

After medium solidification, the samples (previously sterilized by exposure of ± 1 h to UV 

light) were placed separately on the top of an agar plate, with the coated side in contact with 

the agar, and incubated for 24 h, at 37ºC. PVDF substrate, Ti and TiN coatings (without 

silver) were used as negative controls. After the incubation period, the halo (zone of 

transparent medium, which means that there is no bacteria growth) formed around the sample 

was measured and photographed to record the results (images captured with Image Lab™ 

software). All experiments were carried out in duplicate per samples and repeated at least in 

three independent assays. 

3. Results and discussion  

3.1. Chemical composition 

Table 1 shows some results about deposition conditions, chemical composition together with 

the thicknesses of the deposited coatings obtained by SEM analysis. The deposition rate was 

determined from the deposition time and coatings thickness. 

The Ti1-xAgx coatings were labelled according to the Ag/Ti atomic ratio, while pure titanium 

and pure silver coatings are labelled as Ti and Ag, respectively. The Ag-TiNx series are 

labelled according to the N2 flow applied e.g. TiN2AgR was deposited with a nitrogen flow of 

2 sccm while the titanium nitride is labelled as TiN. Further details concerning the chemical 
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composition versus deposition parameters, of the similar samples, can be found elsewhere 

[22,23].   

3.2 Structural analyses 

Figure 1 shows the XRD diffraction patterns of Ti1-xAgx and Ag-TiNx systems. The reference 

peaks, obtained from the International Centre for Diffraction Data (ICDD) database, of the 

main crystalline phases are identified namely hexagonal Ti-β (ICDD 00-044-1294), fcc-Ag 

(ICDD 00-004-0783), fcc-TiN (ICDD 00-038-1420) and tetragonal TiAg (ICDD 00-006-

0560), together with the crystalline peaks of PVDF (ICDD 00-042-1649) [24].  

XRD peaks corresponding to atomic planes (200) and (110) of β-PVDF (Figure 1a) indicate 

that the deposition conditions do not induce any phase change in the polymer. This means that 

the piezoelectric phase of PVDF is still present. These results were in fact already discussed 

in previous works reported by the authors [22,23]. The published results stated that for Ti1-

xAgx series, the values of the piezoelectric response vary from 19.6 to 27.6 pC N
-1

, allow 

maintaining the functional piezoelectric response of the polymer. 

For the TiN-Agx series, with increasing nitrogen flow, the piezoelectricity response tends to 

decrease. However, this slight variation does not compromise the piezoelectric response for 

the required application. Further discussion and details can be seen elsewhere [22,23]. The 

XRD pattern of Ag/Ti (0.11)R coating indicates that the most intense peak is located at 

∼38.1°, which is very close to the TiAg (111) and Ag (111) peak (see figure 1b). Previous 

studies of TiAg coatings deposited by magnetron sputtering suggested the formation of the 

TiAg crystalline phase, although it is difficult to identify Ag, Ti-β and TiAg phases since they 

show very similar diffraction patterns [9,22,23]. Together with the TiAg phase, the presence 

of the Ti (002) peak can also be identified, which suggests that the coating is composed by a 

mixture of crystalline TiAg and Ti phases. Since the amount of Ti present in the coating is 

high (93 at. %), TiAg phase is formed until the Ag is consumed and the remaining titanium 

forms a crystalline Ti phase [22,23]. 
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TiN6AgR and TiN coatings display a diffraction peak located at ∼36.7 which is attributed to 

fcc-TiN phase and TiN2AgR coating exhibits a diffraction peak at ∼36.9° ascribed to sub-

stoichiometric TiN phase that can be related to lower N/Ti atomic ratio in this film than in the 

standards. These samples show another peak located at ∼42.5° which has been assigned to 

TiN (200). A previous study with similar coatings also detected such peak; however, it was 

observed in coatings with higher Ag contents [10]. To minimize the surface energy, the atoms 

tend to have plans with the maximum compactness parallel to the surface, in the case of fcc-

phase the plan is 111 but due to the new phase growth (Ag phase), these conditions can be 

changed. Furthermore, this new phase is detected in samples with silver (TiN2AgR and 

TiN6AgR) showing two diffraction peaks at ∼38° and ∼44.4° which represent (111) and 

(200) planes of fcc-Ag, respectively. 

3.3 Morphology 

SEM analyses were performed in order to evaluate surface characteristics of the films, such as 

the presence of Ag clusters on the surface before and after biological tests. Figure 2 show the 

SEM micrograph of the coatings of both Ti1-xAgx and Ag-TiNx systems, before Halo test. 

The SEM micrographs of similar coatings of Ti1-xAgx systems were discussed in a previous 

paper [22], where it was verified that the coatings were homogeneous and no clusters were 

found on the surface. The present films also do not show any Ag clusters, which corroborates 

XRD analysis (Figure 1), suggesting the formation of crystalline TiAg phases. On the other 

hand, the surface of the Ag-TiNx coating system exhibited Ag clusters like the authors 

discussed in a previous paper [23]. Several studies reported that the co-deposition of Ag and 

titanium nitride (TiN) [26], carbonitride (TiCN) [27] and oxide (TiO2) [28] results in the 

formation of nanocomposites with Ag nanoparticles embedded in the matrix coating, and the 

size of these nanoparticles strongly depends on the amount of silver incorporated in the 

coating. The formation of Ag nanoparticles is related to the immiscibility of Ag in these 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 
 

10 
 

matrices. Lopes et al [9] and also the authors [23] reported that Ag-TiNx coatings were 

composed by Ag clusters segregated from the TiN cubic grain boundaries. 

3.4 Antibacterial properties 

Figure 3 shows an example of the Halo tests carried out on Ti1-xAgx, Ag-TiNx systems and 

PVDF substrate. Figure 3a depicts the PVDF substrate, and figure 3c, 3d and 3f show Ti, 

Ag/Ti (0.11)R and Ag samples from Ti1-xAgx system, respectively. Figure 3b, 3e and 3g 

display respectively TiN, TiN2AgR and TiN6AgR samples from Ag-TiNx system. The Ag 

coating (figure 3f) shows a weak halo around (∼0.5 ± 0.08 mm), which maybe is too small to 

attest antibacterial properties. In contrast, in samples with Ag from the Ag-TiNx system, 

(TiN2AgR and TiN6AgR - figures 3e and 3g, respectively), it is possible to observe a clear 

halo surrounding the samples with silver, with dimensions  between ∼1.8 ± 0.3 mm and ∼1.4 

± 0.1 mm for TiN2AgR and TiN6AgR respectively, enhancing the antibacterial activity. This 

result is ascribed to the silver diffusion through the agar. 

Interestingly, in spite of the fact that Ag/Ti (0.11)R sample (figure 3d) possess silver in its 

composition, it does not have any inhibition zone. This apparent absence of antibacterial 

activity may be explained by the bonding between Ag and Ti preventing silver segregation 

and  hence its diffusion (the chemical bonds will be discussed later in section 3.5). This 

assumption is consistent with previous XRD results, which showed the possible formation of 

crystalline TiAg phases. 

Figure 4 presents the SEM images of coatings surface, after microbiological tests from 

TiN6AgR and Ag/Ti (0.11)R samples of Ag-TiNx and Ti1-xAgx systems, respectively. It 

should be noted that SEM analysis was performed on all samples, however only one sample 

from each series are presented, samples TiN6AgR and Ag/Ti(0.11)R, despite having similar 

amounts of silver, the matrices are completely different, so is expected that silver has different 

behaviours. Because of that, these two samples were chosen as representative for each series. 
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From the observation of the surface of samples from the Ag-TiNx system (figure 4a), no 

bacteria on the surface are noticed, corroborating its antibacterial effect observed in the Halo 

test (figure 3). Figure 4a was obtained using the BSE mode and clearly shows Ag clusters 

dispersed all over the film surface. Ag/Ti (0.11)R coating (figure 4b) of Ti1-xAgx systems 

shows some microbial colonies. These results confirm that silver in the Ti1-xAgx coating 

system has no antibacterial effect, allowing bacterial colonization, in contrast with the 

antibacterial activity of the Ag-TiNx coating system, which presents a reduction in the number 

Ag nanoparticles at the surface after biological test (discussed below) certainly due to their 

diffusion through the agar which induce inhibition of bacteria growth. 

Figure 5 shows the TiN6AgR coating surface before (a) and after (b) the Halo test. Figures 5c 

and 5d correspond to figures 5a and 5b, respectively, treated by ImageJ software. The SEM 

micrographs clearly show a modification on coating´s surface after the Halo test, where it is 

possible to observe: i) an increase in the Ag particles size and ii) a decrease in the number of 

Ag nanoparticles. In order to quantify this trends, i) the covering area of the particles in 

relation to the total area was calculated and reported as a percentage and ii) the number of 

particles (independently of the size) was counted being the results shown in table 2. In 

addition, the corresponding particle size distribution histograms of the silver particles before 

and after the Halo test are shown in figure 6.  After Halo test, there is a 6% reduction in the 

area occupied by the Ag nanoparticles, which is accompanied by a reduction in the total 

number of Ag particles.  Simultaneously the histograms clearly suggest an increase in the 

particles size. Thus, it might be concluded that during the Halo tests a phenomena of particles 

agglomeration or coalescence is occurring, which might be combined with some diffusion of 

Ag through the agar, which probably contributes to the reduction in the number of Ag 

particles. The Ag nanoparticles agglomeration in different fluids has been reported by Li et al 

[29] and this agglomeration was attributed to the occurrence of Ag dissolution. In fact, 

dissolution-precipitation is a well-established coalescence process that occurs in liquid media. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 
 

12 
 

This process is also known as Ostwald ripening and it involves the dissolution (in this case 

ionization of Ag) of small Ag nanoparticles, which aftermost grow on the surface of bigger 

Ag nanoparticles [30]. Possibly, this mechanism explains the increase in Ag particle size 

during the Halo test, and it plays a fundamental role in the antibacterial performance, since it 

is accepted that the Ag biocidal activity is mostly promoted by the presence of Ag ions.  

Other studies assessed the release behaviour of silver ions of composites as Ag/TiO2, Ag–

SiO2, and attributed to water diffusion characteristics on the matrix[31,32]. 

 3.5 Chemical bonding analysis by XPS 

XPS analyses were performed on as deposited samples of both Ti1-xAgx and Ag-TiNx systems 

and on samples with antibacterial activity after performing the Halo test in order to relate the 

chemical changes in the sample surface. 

Figure 7a shows the Ag 3d photoelectron spectra of Ag, Ag/Ti (0.11)R, TiN2AgR and 

TiN6AgR coatings before performing the Halo test. The Ag/Ti (0.11)R coating shows an Ag 

3d doublet with the Ag 3d5/2 peak at ∼368.1 eV (separated of Ag 3d3/2 peak by 6.0 eV) with 

full width at half maximum (FWHM) of ∼1.0 eV which is attributed to Ag-Ti bond, in 

accordance with Moulder et al. [33] which identified this bond as Ag alloys. The counterpart 

is also observed in figure 7b in the Ti 2p3/2 band at ∼453.9 eV (separated of Ti 2p1/2 by ∼6.2 

eV) with FWHM of ∼1.2 eV which is assigned to Ag-Ti and Ti-Ti bond for Ag/Ti (0.11)R 

and Ti coating, respectively. These bands can be observed in the amplified figures 7b1 and 

7b2. These results corroborate the resistivity results for Ti1-xAgx series, showing a typical 

behaviour of a binary alloy system, already published by the authors in another paper [22], 

and confirm the aforementioned antibacterial inactivity since silver is not available to diffuse 

through the agar. Ag, TiN2AgR and TiN6AgR coatings show the deconvolution of Ag 3d 

doublet into two Gaussian components (each Gaussian component of Ag 3d5/2 and Ag 3d3/2 

separated by 6.0 eV). The binding energy of the one of Ag 3d5/2 peak component is ∼368.8 
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eV with FWHM of ∼0.9 eV which is attributed to Ag-Ag metallic bonds [25]. The binding 

energy of the other component appears approximately to 369.5 eV (∼1.1 eV FWHM), which 

is ascribed to metallic sub-nanoparticles associated with clusters smaller than 4 nm [34]. 

Calderon et al. [35] had also detected this band in ZrCN-Ag samples. After performing the 

Halo test, this contribution (metallic sub-nanoparticles) disappears as observed in figure 8. 

These outcomes are in agreement with the SEM results that showed the existence of such 

nanoparticles on TiN2AgR and TiN6AgR coatings surface before the biological tests, 

whereas a perceptible aggregation (increase on the particle size) and a significant decrease in 

clusters number (small particles) is observed after the biological tests.  

4. Conclusion 

The aim of this study was the evaluation of the antibacterial properties of TiNx-1Agx and Ag-

TiNx systems. In both systems, it was observed the presence of β-PVDF phase diffraction 

peaks, which indicate that the deposition conditions did not damage the polymeric substrate, 

being possible to conclude that piezoelectric properties were kept. This is useful for the 

development of sensors for biomedical application. In this sense it is essential to establish 

whether the materials show antibacterial properties. 

It has been demonstrated that only the Ag-TiNx coatings show antibacterial activity. In this 

case, Ag clusters are formed on the coating surface and silver can diffuse through the agar 

inducing inhibition of bacterial growth. In the case of Ti1-xAgx system, silver is chemically 

bonded (Ti-Ag bond) so, it does not show any antibacterial activity.  Although pure Ag 

coating produces a halo during bacterial tests, the ZoI measure is too small to conclude 

whether this coating has antibacterial properties.   

Further studies should be carried out in order to clarify the effect of silver and/or silver ion 

release. 
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This work highlighted the potential of silver nanoparticles, especially in the Ag-TiNx series, 

and it was an essential step towards the assessment of the ideal system for used as sensor 

protection. 
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Table I. Chemical composition of Ti1-xAgx and Ag-TiNx coatings and some experimental 

details. 

Series Coating 

JTi 

(mA/cm
2
) 

JAg 

(mA/cm
2
) 

N2 flow 

(sccm) 

Thickness 

on polymers 

(nm) 

Deposition 

rate (nm/h) 

Chemical 

Composition 

(at. %) 
N/Ti 

Ti Ag N 

Ti1-xAgx 

series [22] 

Ti 5 0 0 219 437 100 0 0 0 

Ag/Ti (0.11)R 7.5 0.05 0 201 803 93 7 0 0 

Ag 0 2.5 0 165 659 0 100 0 0 

Ag-TiNx 

series 

TiN2AgR 7.5 0.05 2 227 910 61 5 34 0.56 

TiN6AgR 10 0.05 6 129 663 52 10 38 0.73 

TiN 10 0 6 122 630 57 0 43 0.75 
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Table II. Percentage of Ag area covered and number of Ag particles in the TiN6AgR sample 

surface. 

TiN6AgR Ag Area (%) Number of particles 

As deposited 14 9012 

After Halo test 8 1517 
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Figure 1. XRD patterns of both Ti1−xAgx and Ag-TiNx coatings deposited (Cu Kα radiation). 

Figure 2. SEM micrograph of the Ti1-xAgx and Ag-TiNx coating systems. 

Figure 3. Antibacterial activity of different samples: a) PVDF, b) TiN, c) Ti, d) Ag/Ti 

(0.11)R, e) TiN2AgR, f) Ag and g) TiN6AgR against S. epidermidis, evaluated by zone of 

inhibition assays. The red circles highlight samples with the halo inhibition. 

Figure 4. SEM micrographs of TiN6AgR (a) and Ag/Ti (0.11)R (b) coatings surface, after 

Halo test on a S. epidermidis agar layer.  SEM images from the samples surface show in (a) 

Ag clusters (BSE image) and in (b) a microbial colonies. 

Figure 5. SEM micrograph of TiN6AgR coating surface, obtained in BSE mode, before (a) 

and after (b) Halo test. (c) and (d) are the same images that (a) and (b) respectively, treated by 

ImageJ software.   

Figure 6. Particle size distribution histogram of the silver nanoparticles, evaluated from the 

corresponding SEM micrograph of TiN6AgR coating surface. 

Figure 7. XPS spectra of Ag 3d (a) and Ti 2p (b) core levels of Ti1-xAgx and Ag-TiNx systems 

before the Halo test. (b1) and (b2) represent the amplification of Ti 2p core level for Ag/Ti 

(0.11)R and Ti coatings, respectively. 

Figure 8. XPS spectra of Ag 3d core level of Ti1-xAgx and Ag-TiNx systems after the Halo 

test. 
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Figure 8 
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Graphical abstract 
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Highlights 

 TiNx-1Agx and Ag-TiNx thin films are deposited by sputtering on piezoelectric PVDF. 

 Antibacterial properties are evaluated on TiNx-1Agx and Ag-TiNx systems. 

 The chemical bonds are analyzed by XPS to clarify antibacterial activity. 

 Segregation of Ag nanoparticles on Ag-TiNx coatings surfaces is assessed.  


