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Thin IrxTi1-x-oxide coatings (x = 0, 0.2, 0.4, 0.6, 0.8 and 1) were formed on Ti substrates and 

commercial 316L stainless steel (SS) coronary stents employing a simple thermal deposition method. 

Electrochemical and surface-characterization techniques were used to investigate the surface 

topography/morphology and chemical composition of the coatings, their electrochemical properties, 

and radiopacity. These properties were found to highly depend on the coating composition; however, 

no particular composition-dependent trend was observed. All the coatings were found to be stable 

under the experimental conditions employed in the research. The electrochemical behaviour of the Ir-

containing coatings was governed mostly by the pseudo-capacitive response of the coating and the 

coating/electrolyte interface. The absence of the low-frequency resistive component of the impedance 

response indicated a very high corrosion resistance of the coatings. SS coronary stents modified by 

IrxTi1-x-oxide coatings were found to be more radiopaque than the bare (naked) SS stent. The Ir0.4Ti0.6-

oxide coating showed to be the most uniform, the most corrosion resistant and the most radiopaque 

coating. 
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1. INTRODUCTION 

Surface characteristics of a biomedical implant, such as the surface energy, texture, potential 

and stability, significantly influence the interaction of the implant with the surrounding biological / 

biochemical environment. These characteristics, and thus the implant/surrounding interactions, could 

be tuned by applying various surface treatment methods. Formation of coatings/films on the implant 
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surface has been one of the promising surface treatment methods used to alter the implant surface 

characteristics without interfering with the bulk properties of the implant. This approach in surface 

treatment is of great interest in the area of development of coronary stents [1-4]. Coronary stents are 

small mesh-like cylindrical ‘tubes’ inserted into a coronary artery at the site of the artery blockage in 

order to re-open the blocked site and allow blood to circulate normally [5-8]. The majority of currently 

used coronary stents are made of 316L stainless steel (SS). Unfortunately, although these stents offer 

good mechanical properties, their biocompatibility is rather poor [1, 2, 9, 10] . In addition, the 

radiopacity of SS stents is low, i.e. they are quite difficult to visualize under X-ray fluoroscopy while 

being implanted, and also post-implantation [11]. Drug-eluting stents (DESs) have been developed 

with the aim to increase the stent’s biocompabitility. However, recent studies have shown that DES 

neither offer long-term benefits in comparison to bare-metal stents (BMS), nor better radiopacity [12-

16].  

This work aims at addressing the issue of stent’s radiopacity. The radiopacity of a stent 

depends on the single through-wall (strut) thickness, and mass X-ray absorption coefficient of 

elements comprising the stent material, in this case 316L SS [3, 17]. Unfortunately, neither of the two 

can be changed without compromising mechanical properties of the stent. However, a convenient 

approach in increasing the stent’s radiopacity could be to coat the entire stent surface with a very thin 

film of a highly radiopaque material. The other requirements that need to be met by doing this are that, 

the film material be of equal or better biocompatibility than the BMS surface, be corrosion resistant, 

and it should adhere well to the BMS surface. 

In the present investigation, coatings made of Ir/Ti-oxides were used for the above purpose. 

Iridium oxide was chosen as the primary coating material due to its high X-ray attenuation coefficient 

[17], and its high inertness [8, 18] and electrochemical (corrosion) stability [19-22]. Titanium oxide 

was chosen as a secondary coating material due to its high electrochemical (corrosion) stability and 

high biocompatibility. In addition, an assumption was that by incorporating titanium oxide into the Ir-

oxide based coating, the corrosion stability of the coating would increase [23, 24]. Besides a 

comprehensive characterization of the Ir/Ti-oxide coatings employing a range of surface 

characterization techniques, a quantitative analysis of the radiopacity of Ir/Ti-oxide coatings formed on 

commercial 316L stainless steel stents has been performed. 

 

 

 

2. EXPERIMENTAL DETAILS 

2.1. Preparation of samples 

IrxTi1-x-oxide coatings (x = 0, 0.2, 0.4, 0.6, 0.8 and 1) were formed on a flat titanium substrate 

or on a commercial 316L stainless steel stent surface employing a thermal method. First, a coating 

precursor solution was prepared by dissolution of a proper amount of IrCl3×3H2O and/or Ti4(OCH3)16 

in 37% HCl and isopropanol at a total metal-content concentration of 0.5 mol dm
-3

. Depending on the 

desired compositions of iridium and titanium in the coating material, the appropriate amount of iridium 

chloride and titanium isopropoxide were dissolved in 37% HCl to yield half of the final volume of the 
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coating precursor solution. Then, water was added to restore the final volume. Next, the solution was 

heated to evaporate one-fourth of its volume, and isopropanol was added to re-establish the final 

solution volume. 

Titanium substrates, which were used as a support for oxide films, were 12.7 mm-diameter 

discs machined to a thickness of 2 mm. Before the oxide film deposition, the substrates were first 

polished using 600-grit SiC sandpaper, and then etched in 37% HCl (1:1, v:v) at the boiling 

temperature for 30 min. Next, the substrates were rinsed with acetone, isopropanol and water. Metal-

oxide coatings were formed on such pre-treated Ti substrates in the following way. First, a thin layer of 

the metal precursor solution was brushed on one side of the substrate. The substrate was then heated in 

an air furnace at atmospheric pressure and 500
o
C for 15 min. This procedure was repeated for ten 

times. Finally, the sample was annealed at the same temperature for 1 hr, to convert the surface coating 

into a metal oxide coating. A similar procedure was used to coat a 316L stainless steel stent surface 

(Boston Sci., 20 mm Liberte WH) with a metal-oxide coating. However, the etching step was skipped 

in order to avoid thinning of the already thin stent strut wall. In addition, the precursor solution was not 

brushed on the stent surface, but a dip-coating method was employed using a dip coater (MTI, TL0-01 

Desktop Dip Coater). A withdraw speed and immersion time of 60 mm min
-1

 and 1 min were applied, 

respectively. 

 

2.2. Surface characterization 

Electron micrographs of the sample surfaces were produced using a Philips XL-30 field 

emission scanning electron microscope (FE-SEM). The crystallographic structure of oxide coatings 

was investigated by X-ray diffraction analysis (XRD) employing a Bruker D8 Discovery X-Ray 

diffractometer using CuKα radiation. X-ray photoelectron spectroscopy (XPS) measurements were 

made using a ThermoFisher Scientific K-Alpha Spectrometer equipped with an argon ion gun. The X-

ray polychromatic source was AlKα (1486.6 eV). The analyzer was fixed at normal position (90°) to 

the surface. A survey spectrum was first recorded to identify all elements present on the sample 

surface, followed by recording high resolution spectra. The spectra were fitted using the CasaXPS 

software package (version 2.13.16) employing Shirley background subtraction and a combination of 

Gaussian and Lorentzian (70:30 ratio) line shapes. 

 

2.3. Electrochemical measurement 

Electrochemical measurements were carried out using an Ecochemie Autolab PGSTAT30 

Potentiostat/Galvanostat, combined with the FRA2 electrochemical impedance spectroscopy (EIS) 

module. The GPES/FRA v.4.9.7 software was employed to control the instrument, as well as for data 

collection and treatment. A three-electrode electrochemical cell was used in all electrochemical 

measurements. A graphite rod was used as the counter electrode (CE) and the reference electrode (RE) 

was a saturated calomel electrode [10]. Metal-oxide coated samples of various compositions (IrxTi1-x-

oxides, x = 0, 0.2, 0.4, 0.6, 0.8 and 1) were used as the working electrodes (WE). In order to expose 
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only the coated side of the samples to the electrolyte, the WE was placed in a specially constructed 

electrochemical cell, exposing 0.5 cm
2
 of the treated side of the WE to the electrolyte. All the 

electrochemical experiments were performed in an oxygen-free electrolyte, which was achieved by 

continuously purging the electrolyte with argon, starting 30 min prior to the measurement and 

continuing during the measurement. De-ionized (DI) water of resistivity of 18.2 MΩ cm was used in 

all experiments.  

Electrochemical measurements were conducted in the following order. Frist, cyclic 

voltammetry (CV) experiments were performed in 0.5 M H2SO4 to determine a true electrochemically-

active surface (TEAS) area of a sample. Then, the sample was kept at open circuit potential (OCP) in 

0.16 M NaCl, which is the chloride concentration equivalent to that in human body fluids, for either a 

period of 1 h or until a potential was stabilized to less than a 2 mV min
−1

 change. This step was 

followed by electrochemical impedance spectroscopy (EIS) measurements at OCP over a frequency 

range of 10 mHz to 50 kHz. The AC voltage amplitude was set to 10 mV. Next, the samples were 

polarized by CV in 0.16 M NaCl between the H2 and O2 evolution region (-0.3 to 1.3 V) for 100 

sweeps (ca. 17 hr of continuous potentiodynamic cycling, named here as ‘torturing’), to evaluate the 

stability of the coating. EIS measurement was then performed at OCP to analyze the coating condition 

after being tortured. 

 

2.4. Radiopacity analysis 

To evaluate the radiopacity of the coated 316L stainless steel stents, X-ray images were 

obtained using an X-ray unit in which the focus was positioned perpendicular to the samples. The X-

ray machine was set to operate at 80 kV and 3.19 mA s, and at a focus-sample distance of 100 cm, in 

accordance with the ASTM-F 640 (Standard Test Methods for Determining Radiopacity for Medical 

Use) [25]. As a reference, an aluminum step-wedge (98% purity) with a thickness range from 1 to 9 

mm (with 1 mm increments) was first imaged. Then, a transmission densitometer was used to measure 

the corresponding optical density value. The resultant optical density values were further calibrated 

with gray scale values which were accurately calculated by image processor software (Image J). It 

should be mentioned that the number of gray shades in the digital image is determined by the number 

of binary digits (bits) used to define a pixel. Depending on the system, the gray values could be from 

8- to16-bit. The darkest gray shade (‘black’) is usually defined by the zero value, while the brightest 

(‘white’) has, for an 8-bit system for example, a value of 255. Gray scale values of digital X-ray 

images taken at different locations of the stent were calculated by the software program. Subsequently, 

the optical density values of each specimen were calculated using the provided calibration curve.  

 

 

3. RESULTS AND DISCUSSIONS 

3.1. Surface Topography 

Fig. 1 shows the representative SEM images displaying the microstructure of iridium/titanium 

oxide coatings of different compositions. The images evidence the presence of small crystallites 
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separated by micro-cracks, rendering the surface relatively rough. The sample coated by pure titanium 

oxide (Fig. 1a) displays the “cracked-mud” morphology [16,18], characterized by the existence of 

larger micro-cracks.  

 
 

Figure 1. SEM micrographs of IrxTi1-x oxide coatings formed on a Ti substrate. (a) x=0, (b) x=0.2, (c) 

x=0.4, (d) 0.6, (e) x=0.8, and (f) x=1. 
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However, with an increase in Ir content in the coating, the morphology of the surface changes; 

the size of the cracks diminishes up to the Ir content of 40% (Fig. 1c), and then slightly increases 

yielding again a “cracked-mud” morphology for the pure Ir-oxide coating (Fig. 1f). The analysis of 

cross-section images of the coatings has revealed that all the coatings are of a very similar thickness, 

1.8 ±0.4 m. 

 

 

Dark area: 

Ir: 34.5% 

Ti: 65.5% 

Bright area: 

Ir: 60.3% 

Ti: 39.7% 

 
 

 

Figure 2. SEM image of the Ir0.4Ti0.6-oxide coating depicting an isolated crystallite structure. These 

structures are uniformly spread across the entire coating surface, as seen in Fig. 1c. The 

corresponding Ir and Ti content obtained by EDX is also shown. The values represent mean 

values obtained by analysis of many similar features on the surface (bright and dark areas). 

 

EDX analysis of the coatings was performed at various locations on the surface. The results 

indicated that the actual average metal composition of the coatings was in good agreement with the 

nominal values. However, variations in the local composition of the coatings were noted. For example, 

the SEM image in Fig. 2 shows a selected surface crystallite feature on the Ir0.4Ti0.6-oxide coating 

surface. Such features are uniformly distributed across the surface (Fig. 1c). The EDX analysis 

revealed that the bright areas (crystallite features) are enriched with Ir (60.3 ±2.1%), in comparison to 

both the nominal content (40%) and dark areas (34.5±1.4%).  

 

3.2. Crystalline Structure 

The structural identification and changes in crystallinity of the metal-oxide coatings as a 

function of composition were investigated by XRD, Fig. 3. The results show that the crystalline planes 

of tetragonal iridium oxide become more intense with an increase in iridium content in the coating. In 
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addition, the peaks corresponding to the anatase phase of titanium oxide only exist for the pure 

titanium oxide coating, while by adding iridium into the coating, the anatase phase changes to the 

rutile one. The Scherrer formula [26-28] was applied on the (1 1 0) diffraction peak to calculate the 

corresponding crystallite size, and they ranged from 8.1 nm to 10.2 nm for the IrxTi1-x-oxide 

compositions ranging from x = 0.2 to x = 1.  

 

 
 

Figure 3. X-ray diffraction pattern of IrxTi1-x-oxides coatings: (a) x=0, (b) x=0.2, (c) x=0.4, and (d) 

x=1. 

 

In addition, the shift of the diffraction peaks of the Ir-oxide rutile-type phase with the change in 

the composition of iridium/titanium oxides reveals that the corresponding lattice constants vary with an 

increase in iridium content, indicating the solid solution of the IrxTi1-x-oxides. 

 

3.3. Surface Chemical Composition 

The XPS analysis of IrxTi1-x-oxide coatings was performed in order to investigate their surface 

chemical composition. To identify all elements in the coating material, general survey spectra were 

first recorded. Fig. 4a shows a representative XPS survey spectrum of the Ir0.4Ti0.6-oxide coating 

surface. Traces of carbon can be observed as the only contamination present on the coating surface. 

The other elements are Ir, Ti and O. 

The corresponding resolved (deconvoluted) Ir 4f core level photoemission spectrum is 

presented in Fig. 4b. To analyze the Ir 4f core level by curve fitting, the values of the full-width-at-

half-maximum (FWHM) of the spin-orbit doublet were equalized, which consequently resulted in the 

ratio of component intensities of Ir4f 7/2 to Ir4f 5/2 approaching ca. 4:3. A very good agreement between 

the modeled (solid line) and experimental spectrum (dotted line) was obtained. The binding energy 
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(BE) of major and minor Ir 4f7/2 photoelectron lines are located at 61.9±0.1 eV and 63.3±0.1 eV, 

respectively. The Ir 4f5/2 peak appears at 64.9±0.1 eV. The BE values of the Ir 4f doublet, 61.9±0.1 and 

64.9±0.1 eV, correspond to the binding energies characteristic of anhydrous oxide, IrO2 [29-33]. In 

addition, the binding energy shift of the minor Ir 4f7/2 photoemission by 1.4 eV seems to be close to the 

literature-reported value of 1.2 eV, for iridium oxide [34].  

 

 
 

Figure 4. XPS spectra of a Ir0.4Ti0.6-oxide coating surface: (a) general survey spectrum, and 

deconvoluted spectra of (b) iridium, (c) oxygen, and (d) titanium. Dots represent the 

experimental spectrum and the solid line represents the corresponding simulated spectrum. The 

denconvoluted contributions are presented by dashed lines. 
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It should be mentioned that there are controversies related to the nature of the extra Ir 4f 

doublet and the satellite peak at 66.4±0.2 eV [32, 33, 35]; nonetheless, it is attributed to the final state 

screening response with no chemical back up [22, 29, 31, 36, 37].   

Fig. 4c exhibits an O1s photoelectron response fitted to three different oxygen species. The first 

resolved peak at 529.8±0.2 eV is assigned to the metal oxide, whereas the peak at 531.1±0.2 eV 

corresponds to the overlapped contribution of metal hydroxide and carbonyl oxygen [31, 38]. The third 

response at 532.5±0.3 might be attributed to the oxygen atom of water [38, 39].  

A high resolution spectrum of the Ti 2p region of the Ir0.4Ti0.6-oxide coating surface is shown 

in Fig. 4d. Considering the different oxidation states of titanium, the Ti 2p region can be fitted to 

several contributions, each encompassing a doublet of 2p3/2 and 2p1/2 peaks. The main doublet 

composed of two symmetric peaks appears at 458.3±0.2 eV and 464±0.1 eV, corresponding to the Ti
4+ 

oxidation state in TiO2 [40, 41]. Apart from the Ti
4+ 

doublet, as the major feature of titanium spectrum, 

one can find a minor contribution of Ti
2+

 from TiO at 456.5±0.3 eV and 461.1±0.4 eV [42].  

 

Table 1. Molar percentage of Ir in IrxTi1-x-oxide coatings. Nominal values refer to the desired Ir 

content in the metal precursor salt. ICP values refer to the actual measured concentration of Ir 

in the coating precursor solution. XPS values refer to the Ir content on the surface of the 

coating. Uncertainty values: (a) ±0.1, (b) ±0.3. 

 

Iridium content, mol % 

Nominal ICP
(a) 

XPS
(b) 

0 - - 

20 17 15 

40 35 21 

60 54 37 

80 76 65 

100 92 81 

 

The same analysis was performed for all IrxTi1-x-oxide coatings (results not shown). Then, the 

surface content of iridium was calculated from XPS measurements and compared to the concentration 

of iridium in the coating precursor solution; the latter obtained by inductively coupled plasma (ICP) 

analysis (Table 1). The results demonstrate that there is depletion in iridium at the coating surface. 

This is in line with the literature [22-24, 40], and can be related to the different reactivity of two metal 

precursors towards oxygen. Namely, it has been thermodynamically proven that the affinity of titanium 

towards oxygen is much larger (ca. 7 times) than that of iridium [43]. This is most obvious for the 

100% pure Ir-oxide coating; the Ti content on the surface of this coating is not zero, as one would 

expect, but it is 19%. Since no titanium was present in the corresponding precursor solution, the source 

of the surface content of titanium is the underlying titanium substrate. Practically, during the formation 

of the 100% Ir-oxide coating, the surface of the titanium substrate partially corrodes (dissolves). The 

dissolved titanium ions diffuse towards the outer coating/air interface and react with oxygen, forming 

Ti-oxide.  
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3.4. Electrochemical characterization 

Fig. 1 shows that the chemical composition of the IrxTi1-x-oxide coatings studied determines 

their surface morphology. Accordingly, one could expect that their electrochemical / corrosion 

properties would also vary. Hence, electrochemical measurements were performed to investigate 

electrochemical and corrosion (stability) properties of the formed coatings.  

 

 
 

Figure 5. Cyclic voltammograms of IrxTi1-x-oxide coatings recorded in 0.5 mol dm
-3

 H2SO4. Scan rate 

= 100 mV s
-1

. (1) Ti-oxide, (2) Ir0.2Ti0.8-oxide, and (3) Ir0.4Ti0.6-oxide coating. 

 

Fig. 5 displays a set of selected cyclic voltammograms (CVs) of IrxTi1-x-oxide coatings (x = 0, 

0.2 and 0.4) recorded in the potential region of water stability from -0.3 to 1.3 V in 0.5 M H2SO4. The 

wide anodic and cathodic peak centered at ca. 0.6 V and 0.55 V, respectively, can be related to the 

reversible Ir
3+

/Ir
4+

 redox transition [44, 45]. This solid-state redox transition occurs with the 

participation of proton exchange between the oxide/OH surface groups and the solution [46, 47]: 

 

 (1) 

 

XPS results presented in Fig. 4c confirmed the presence of OH groups on the coating surface, 

and XPS depth-analysis results of the coating (not shown) also confirmed the presence of OH groups 

in the bulk of the coating. Further, Fig. 5 shows that the two Ir-containing oxide coatings show a 

significantly higher current response than the Ti-oxide coating. Two factors can contribute to this: The 

surface area effect (extrinsic effect) and the Ir
3+

/Ir
4+

 redox transition effect (intrinsic effect). If the 
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latter is predominant, then the variation in the coating composition should result in the parallel 

variation in the current response.  

To distinguish the contribution of the two effects, the true electrochemically-active surface 

(TEAS) area of the investigated IrxTi1-x-oxide coatings was first determined from scan-dependent CV 

measurements (not shown). With an increase in the scan rate, the current response also increased. In 

order to determine the TEAS area of the coating, a dependence of current recorded at constant 

potential on the corresponding scan rate was analyzed.  

 

 
 

Figure 6. (a) Dependence of current at constant potential on the scan rate for the Ir0.4Ti0.6-oxide 

coating obtained from CV measurements performed in 0.5 M H2SO4. The data represent mean 

anodic current values recorded at three different potentials (0, 0.2 and 1 V) employing three 

Ir0.4Ti0.6-oxide coating samples. (b) True electrochemically-active surface (TEAS) area of 

IrxTi1-x-oxide coatings (0≤x≤1). 

 

Fig. 6a is an example of the behavior obtained for the Ir0.4Ti0.6-oxide coating. The slope of the 

line in Fig. 6a can be related to the electrochemical differential capacitance of the Ir0.4Ti0.6-

oxide/solution interface. An average value of 11±0.85 mF was obtained for this specific coating 

composition. This value is taken to be proportional to the TEAS area of the Ir0.4Ti0.6-oxide coating. 

Now, comparing this value to a theoretical differential capacitance value for metal oxides, 60 F cm
-2 

[48-50], the TEAS area of the Ir0.4Ti0.6-oxide coating was calculated to be 188 ±13 cm
2
. Fig. 6b 

presents the TEAS area values for all the investigated IrxTi1-x-oxide coating compositions. No 

particular trend with the coating composition can be observed. However, one can notice that the largest 

TEAS area was obtained for the Ir0.4Ti0.6-oxide coating which is characterized by the absence of large 

micro-cracks (Fig. 1c).  

The area under the anodic curve of the CVs in Fig. 5 represents the total anodic charge [51] 

delivered during the anodic sweep, and that under the cathodic CV curve represents the total cathodic 

charge. The anodic and cathodic charge depends on the two (extrinsic and intrinsic) effects mentioned 
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earlier. Fig. 7a shows the total anodic charge density (normalized with respect to the geometric area of 

the coating surface) as a function of the metal-oxide coating composition. It can be seen that the total 

charge density value reaches a maximum value for the Ir0.4Ti0.6-oxide coating. Now, when the values 

presented in Fig. 7a are normalized with respect to the TEAS area of the coating (Fig. 6b), a trend 

presented in Fig. 7b results.  

 
 

Figure 7. (a) Total anodic charge density (intrinsic + extrinsic) as a function of IrxTi1-x-oxide coating 

composition obtained from CVs recorded in 0.5 M H2SO4 at a scan rate of 10 mV s
-1

 and in the 

potential region from -0.3 to 1.3 V. (b) The same as in (a), but the values are normalized with 

respect to the TEAS area of the coating presented in Fig. 6b, thus yielding only the intrinsic 

charged density. (c) Dependence of total anodic charge density on scan rate applied during the 

electrode cycling in 0.5 M H2SO4 and in the potential region from -0.3 to 1.3 V, for various 

compositions of IrxTi1-x-oxides, (1) x=0.4, (2) x=0.6, (3) x=0.2, (4) x=1, (5) x=0.8, and (6) x=0. 

 

This trend represents the dependence of the intrinsic charge density on the coating composition, 

and is thus related solely to the electrochemical (redox) properties of the coatings. Although the trends 

in Figs. 7a and 7b seem similar, a maximum in the intrinsic charge delivery is yielded by the Ir0.2Ti0.8-

oxide coating, which was surprising. Namely, the assumption was that the intrinsic charge delivery for 
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IrxTi1-x-oxide coatings depended mostly on the Ir
3+

/Ir
4+

 reversible transition and that it would, 

therefore, increase proportionally with the increase in Ir content in the coating. The result in Fig. 7b 

indeed shows that when at least 20% of Ir is present in the coating, the intrinsic charge is significantly 

higher than that of pure titanium oxide, which demonstrates the contribution of the Ir
3+

/Ir
4+

 redox 

transition. However, the overall trend in Fig. 7b does not support the role of the Ir
3+

/Ir
4+

 reversible 

transition as the only factor influencing the intrinsic charge delivery, indicating that some other 

intrinsic effects also play a role. These effects could include changes in the electrical properties of the 

coatings, such as the electronic (semi)conductivity, Ti/Ir crystal-structure-dependent interactions, and 

surface energy and charge distribution. However, further research is needed to investigate the influence 

of these (and possibly some more) effects on the intrinsic charged delivery of the IrxTi1-x-oxide 

coatings. 

Another interesting behavior related to the total charge delivery of IrxTi1-x-oxide coatings is 

presented in Fig. 7c. This plot shows the dependence of total charge density on the scan rate applied 

during the cyclization of the electrode. With an increase in scan rate, the total charge density decreases 

first rapidly, and then it gradually approached a semi-constant (plateau) value. This behavior can be 

related to the depth-dependent response of the coating [52, 53]. Namely, the measured charge depends 

on both the amount of proton exchanged between the oxide coating and the aqueous solution (Eq. (1)) 

and on the electrochemical double-layer charge. However, the latter is not scan rate dependent. On the 

other hand, due to the participation of the proton in Eq.(1), the charge associated with this reaction is 

dependent on the proton availability at the reaction site, the latter being dependent on the rate of proton 

diffusion within the oxide phase [53]. Thus, as the scan rate increases, the access of protons to regions 

deeper beneath the oxide surface becomes more difficult, and the charge measured represents the 

response of the oxide film closer to the outer film surface. Hence, at some infinitely high scan rate one 

would measure only the response of the outer oxide film surface. On the other hand, at infinitely small 

scan rates, one would measure the response of the entire oxide film. 

 

3.5. Coating stability 

The stability of produced IrxTi1-x-oxide coatings was tested next in 0.16 M NaCl. The testing 

involved recording an electrochemical impedance spectroscopy (EIS) response of a freshly-prepared 

coating, followed by the coating “torturing”, and then by the repetition of the EIS experiment to 

compare the response of the coating before and after torturing. The torturing step involved cyclic 

polarization of the coating in a corrosive solution of 0.16 M NaCl at a scan rate of 10 mV s
-1

 in a wide 

potential window, encompassing both the hydrogen and oxygen gas evolution regions. Fig. 8 shows 

CVs recorded in the first and the hundredth cycle for a selected coating (Ir0.4Ti0.6-oxide). The 

responses of the first and hundredth cycles are almost overlaid, indicating that no changes in the 

coating electrochemical properties occurred as a result of torturing. Similar behaviour was obtained 

with other coating compositions (not shown).  This indicates that the coatings are very stable under the 

experimental conditions applied. 
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Figure 8. Cyclic voltammograms of a Ir0.4Ti0.6-oxide coating recorded in 0.16 M NaCl at a scan rate of 

10 mV s
-1

. Solid line represents the 1
st
 sweep and the 100

th 
sweep is presented by a dashed line. 

The experiment lasted ca. 17 hours, and in the text it is termed as the ‘torturing’ experiment. 

 

 
Figure 9. Nyquist plot of a () Ti-oxide, and (O) Ir0.4Ti0.6-oxide coating. The spectra were recorded in 

0.16 M NaCl at OCP before the ‘torturing’ procedure. 

 

To obtain quantitative values related to the coating’s (general corrosion) stability, 

electrochemical impedance spectroscopy (EIS) measurements were made at open circuit potential 

(OCP) before and after torturing and the corresponding spectra were modeled using an appropriate 

equivalent electrical circuit (EEC) model. Fig. 9 (symbols) shows the experimental EIS spectra of Ti-
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oxide (triangles) and Ir0.4Ti0.6-oxide (circles) coating samples recorded before torturing. The circular-

like EIS spectrum of the Ti-oxide coating reveals the contribution of a resistive component of 

impedance at low frequencies, indicating a finite corrosion resistance of the sample. However, the EIS 

spectrum of the Ir0.4Ti0.6-oxide coating is linear (circles) and steep, indicating the absence of the low-

frequency resistive behavior. This indicates the dominance of the capacitive behavior of the coating 

which, in turn, indicates a very high corrosion resistance of the oxide coating. A similar behavior (the 

absence of the low-frequency resistive contribution) was recorded on all other Ir-containing coatings. 

 

 
 

Figure 10. Equivalent electric circuits used to model the EIS data of (a) IrxTi1-x-oxide coatings 

(x = 0.2, 0.4, 0.6, 0.8 and 1), and (b) a Ti-oxide coating. Rs represents the ohmic resistance of 

the electrolyte between the working and reference electrode; Q is the constant phase element 

that represents capacitance of the coating/solution interface; R is the polarization transfer 

resistance representing the resistance of the coating to corrosion.  

 

In order to further verify the above observations, the experimental EIS data in Fig. 9 were 

modeled using non-linear least square fit analysis software and the appropriate EECs is presented in 

Fig. 10. The EEC in Fig. 10a was used to model the EIS response of Ir-containing coatings, while the 

EEC in Fig. 10b was used to model the response of the Ti-oxide coating. The meaning of the EEC 

elements is outlined in the figure caption. However, it should be noted that instead of pure capacitance, 

a constant phase element [51] was used. This is due to the distribution of the relaxation times as a 

result of heterogeneities present at the micro level, such as surface roughness (Fig. 1)[54]. The average 

value of the exponent of constant phase element [51] was 0.80±0.02, which justifies the use of Q as a 

capacitor. 

Fig. 9 shows that a good agreement between the experimental (symbols) and simulated data 

(lines) is obtained when the EECs in Fig. 10 were used in the modeling procedure. This validates the 

above observations and demonstrates the applicability of the two EEC models in describing the EIS 

response of the two samples. The analysis of the values of obtained EEC parameters would not provide 

useful information regarding the corrosion resistance of the coatings due to the absence of the low-

frequency resistive contribution, and is, therefore, omitted here.  
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Figure 11. Nyquist plot of Ir0.4Ti0.6-oxide coating (○) before and (●) after cyclic polarization 

(torturing) at 10 mV s
-1

 for 17 hr in 0.16 M NaCl. 

 

Figure 11 presents the Nyquist plot recorded on the Ir0.4Ti0.6-oxide coating before and after 

cyclic voltammetry (torturing). One can observe that there is not much difference in the EIS behavior 

of the oxide coating before and after torturing, which is in agreement with the stability results obtained 

by cyclic voltammetry (Fig. 8). Similar behavior was obtained with other Ir-containing coatings 

studied in this work. In conclusion, the previous section demonstrates that the produced IrxTi1-x-oxide 

coatings are quite stable on the substrate. 

 

3.6. Radiopacity 

Given that 316L stainless steel stents have rather low radiopacity, it is thus difficult to visualize 

them with X-ray fluoroscopy during implantation, and also post-implantation. However, Ir-oxides 

offer high radiopacity. Hence, we hypothesized that by coating 316L stainless steel stents with IrxTi1-x-

oxide coatings, it would be possible to increase the stent’s radiopacity, i.e. visibility under X-ray 

fluoroscopy. In order to test the hypothesis, commercial 316L stainless steel coronary stents were 

coated with the IrxTi1-x-oxide coatings investigated here, and their resulting radiopacity was 

determined. The experimental procedure used is detailed in the experimental section of the paper. 

First, a calibration curve was made using an aluminum step-wedge standard (inset to Fig. 12a) 

and a densitometer. The corresponding results are presented in Fig. 12a (main plot), which relate the 

optical density to the gray scale value (pixel value).  
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Figure 12. (a) Optical density calibration curve. The density values of the aluminum step-wedge 

calibration standard (inset to the figure) were measured by a densitometer and the 

corresponding gray scale values (pixel values) were obtained by image analysis. (b) Optical 

density values of IrxTi1-x-oxide coated stents (a lower value corresponds to higher visibility 

under X-ray fluoroscopy, i.e. to higher radiopacity).   

 

It should be noted that the higher the optical density value, the lower the visibility under X-ray 

fluoroscopy (i.e. the lower the radiopacity). It should also be mentioned that the last three thick steps 

on the step-wedge gave pixel values out of the range (max. 255), and are thus excluded from the 

calibration plot.  

Using the calibration plot in Fig. 12a, the optical density of the IrxTi1-x-oxide coated stents was 

measured, and presented in Fig. 12b. The result demonstrate that all the IrxTi1-x-oxide coated stents 

offer statistically (p < 0.01) better radiopacity than the control sample (bare metal stent). A stent coated 

with the Ir0.4Ti0.6-oxide coating is the most radiopaque, and thus the most visible under X-ray 
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fluoroscopy. Knowing that titanium offers very low radiopacity, this was a surprising result since it 

was expected that the 100% pure Ir-oxide coating would be most radiopaque. However, it appears that 

the optical density of the coatings, and thus their radiopacity, does not depend only on the content of Ir 

in the coating, but also on the microstructure and morphology of coating arising from interaction of 

iridium and titanium oxides in the coating material. It would be interesting to mention that our in-vitro 

and in-vivo experiments with endothelial- and smooth-muscle cells, platelets, and animal models (to be 

presented in a separate publication) have also demonstrated that the Ir0.4Ti0.6-oxide coating is the most 

biocompatible coating, and thus the best candidate, among the investigated coatings, for the 

modification of coronary stent surfaces. 

 

 

 

4. CONCLUSIONS 

Thin IrxTi1-x-oxide coatings were formed on flat Ti substrates and commercial 316L stainless 

steel coronary stents employing a simple thermal deposition method. The surface 

topography/morphology of the coatings was found to highly depend on the coating composition. 

Consequently, the total electrochemically-active surface (TEAS) area of the coatings was found to be 

composition dependent. The coatings were found to be of a crystalline structure. A relative surface 

enrichment with titanium was detected by XPS analysis. The electrochemical behaviour (charge 

delivery) of the coatings was dependant on both the TEAS area (extrinsic effect) and the Ir
3+

/Ir
4+

 redox 

transitions (intrinsic effect). However, no particular composition-dependant trend was observed. The 

total (intrinsic + extrinsic) charge delivered by the coatings was found to be scan-rate dependant, 

indicating that the intrinsic contribution to the total charge is dependant on the rate of ion transport 

(within the coating). The coatings were proved to be stable, and withstood a 17-hour electrochemical 

‘torturing’. Finally, it was shown that commercial 316L stainles steel coronary stents modified by 

IrxTi1-x-oxide coatings were more radiopaque than the bare (naked) stent. Specefically, Ir0.4Ti0.6-oxide 

coating was found to be the most uniform, the most corrosion resistant and the most radiopaque 

coating, also offering the largest TEAS area and total charge delivery.  
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