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In the present work, highly-crystalline ZrxNy and ZrxNyOz coatings are achieved by the 

deposition via high-power impulse magnetron sputtering. Various N2 and N2/O2 gas mixtures 

with argon are investigated. The chemical composition and as a result, mechanical properties 

of the deposited layer can be tailored along with morphological and crystallographic structural 

changes. The corrosion resistance behavior is studied by potentiodynamic measurements and 

electrochemical impedance spectroscopy in a sample of synthetic wastewater designed to 

imitate real-life domestic wastewater. The corrosion current density of the ZrxNyOz coating is 

in the range of 33–70 μA cm-2, whereas for the zirconium nitride layers, we achieved values 

below 1.0 μA cm-2. The highest corrosion resistance of 64 nm y-1 is observed for the ZrxNy 

coating deposited at an Ar/N2 rate of 1.00 with a corrosion potential of -0.41 vs. Ag/AgCl. 
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1. Introduction

Transition metal nitrides (TMN) are ceramic materials that have attracted extensive interest 

because of their unusual properties such as high hardness, chemical inertness and wear 

resistance.[1] TMN layers are commonly applied as protective coatings against corrosion, wear, 

heat or scratching. Among them, zirconium nitride (ZrxNy) has started to attract more attention, 

especially in the area of coatings, due to its durability, high corrosion, thermal stability, 

oxidation and erosion resistance, and good electrical conductivity.[1–4] The aforementioned 

features depend mainly on the microstructure of the ZrxNy material and the corrosion 

products.[2,5] 

Though the most common metal used is titanium, zirconium nitride has attracted some attention 

as it has better mechanical properties[6,7] but it also has a smaller window of deposition 

parameters.[8] The nitride films are typically prepared by cathodic arc deposition (better 

deposition rate)[9] or magnetron sputtering (better process control, better films at the nanoscale 

level).[10] We decided to go with a slower method as the film density played a more critical role 

for our current research. It has been known for decades that ZrxNy films exhibit good 

anticorrosive properties,[11–13] and some general study of comparison of nitride materials has 

been done.[14] 

Recently, ZrxNy and zirconium oxynitride (ZrxNyOz) films have been synthesized on different 

substrates using various techniques such as magnetron sputtering,[4,15–18] ion nitriding, plasma 

immersion ion implantation and deposition,[19] ion beam sputtering,[20,21] cathodic arc 

deposition,[5,22] plasma electrolytic oxidation,[23] and multi-arc ion plating.[24] ZrxNyOz has lately 

received attention due to its unique properties tuned by the admixture of nitrogen and oxygen 

during the reactive sputtering process.[25] Lin et al.[26] found that the electrical conductivity of 

ZrxNyOz films is controlled first by thermal activation (300–75 K) and next by Mott variable 

range hopping (75–10 K).  
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Biocorrosion studies[22,23] showed that ZrxNy fabricated by plasma electrolytic oxidation 

exhibits improved resistance to simulated body fluids. A multilayer ZrxNy/ZrO2 coating 

effectively shielded 304 SS in a harsh artificial environment (e.g., 20 wt% HCl).[24] Next, 

Cubillos et al.[27,28] reported that ZrxNyOz coatings could effectively protect a stainless steel 

surface and form a cubic crystallographic phase. Furthermore, Wang et al.[29] showed that a 

Zr2N2O coating increased the corrosion resistance of 304 SS providing enhanced resistance at 

a transient cathodic potential attributed to the oxygen incorporation limiting anodic dissolution 

at high potentials. 

Kiahosseini and Larijani[30] reported that corrosion resistance and adhesion could be improved 

by modifying the nitrogen admixture. They demonstrated that uniform and crystalline ZrxNy 

thin films could be fabricated by sputtering on biodegradable metals and alloys,[30] and further, 

the films were improved by substrate biasing.[31] The correlation between the concentration of 

N vacancies versus the corrosion resistance of ZrxNy films was deliberated by Pei et al..[32] A 

relatively high content of 0.3 vacancies provided the lowest corrosion rate. Furthermore, the 

lowered processing pressure enhanced the hardness and corrosion inhibition as well as nitrogen 

vacancy incorporation. Roman et al.[4] reported on the high stability of ZrxNy coatings over a 

large potential range, and the dependence of the pitting potential on the deposition temperature 

attributed to the formation of ZrxNyOz and ZrO2 phases at the top surface of the coating. 

The corrosion behavior of ZrxNy was already extensively studied by means of potentiodynamic 

polarization and electrochemical impedance but mainly for bio-oriented applications conducted 

in simulated body fluids.[22,23] 

Synthetic wastewater is a fluid revealing highly corrosive properties.[33] Furthermore, 

wastewater often triggers key environmental challenges in relation to water and soil pollution 

and the impact on biological life.[34–37] For this reason, the electrochemical oxidative treatment 
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of wastewater is proposed as a promising method to overcome the issues associated with its 

treatment.[38–41] Nevertheless, the critical limitation of the proposed approach is the limited life-

time of system components (e.g., tubes, reservoir, tank, etc.) during treatment, mainly due to 

pitting corrosion. Thus, ZrxNy is targeted for the protection of functional parts of domestic 

wastewater discharge systems in specific corrosive wastewater environments. 

In the present work, ZrxNy and ZrxNyOz coatings were prepared by high-power impulse 

magnetron sputtering with different argon/nitrogen/oxygen gas ratio. The influence of the 

nitrogen and oxygen contents in the coatings on corrosion resistance were investigated. Surface 

morphology and chemical composition of these nitride and oxynitride coatings were conducted 

to reveal the effects inducing the electrochemical performance. To prove the capability of the 

proposed protective coatings, we have tested the stability of zirconium layers exposing them to 

an imitating real conditions of synthetic domestic wastewater. To date, there are no available 

detailed studies on the corrosive behavior of ZrxNy and ZrxNyOz coatings in domestic 

wastewater. The corrosion protection feature of zirconium nitride can lead to its potential 

application as potential corrosion-inhibiting coatings for protection of advanced electrodes. 

 

2. Results and Discussion 

2.1. Resistivity of zirconium nitride and oxynitride coatings 

The resistivity and thickness of the deposited ZrxNy films was increasing with the increase of 

the nitrogen content in the gas admixture (see Table 1). There was also a difference in resistivity 

between the ZrxNy and ZrxNyOz; the ZrxNy samples were conductive with resistivity in the range 

of 1.8 to 17.8 Ω cm, whereas the ZrxNyOz samples were dielectrics (resistivity >106 Ω cm), 

which may be related to the high content of oxygen in the layers.[42] The metallic conductivity 

of the ZrxNy films is explained by the nonvanishing DOS at the Fermi energy.[43] It was also 

reported that samples deposited under relatively high-flow O2 rates result in the electronic 
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transport dominated by thermal activation at high temperature (>160 K)[44] due to the formation 

of the insulating phase with a higher band gap energy. 

2.2. Nanotribology of zirconium nitride coatings 

The set of samples showed excellent adhesion to the substrate and clear load-displacement 

curves. The calculated values of hardness and the reduced modulus of the ZrxNy and ZrxNyOz 

samples are presented in Figure 1. The hardness and reduced modulus had a clear trend towards 

increasing for smaller nitrogen fractions, which directly correlates with the measured resistivity 

and fits with the observed coloring of the deposited films (see Figure S1). At higher nitrogen 

fractions, the film changes to a dark brown color, while at lower values, it had a bright gold 

color typical for samples containing a high amount of ZrxNy bonds.[8] From the obtained data, 

the optimum deposition conditions to get films with better mechanical properties requires the 

nitrogen content to not exceed 0.8% of the total gas flow. 

 

2.3. Morphology and composition of zirconium nitride coatings  

The scanning electron microscopy (SEM) images are presented in Figure S2. The surface 

topography does not differ significantly between the zirconium nitride and oxynitride samples. 

The SEM results did not reveal any cracking or undulations on the studied surfaces. The 

coatings are homogeneous and continuous. Additionally, the morphology of samples was 

studied by the atomic force microscopy (AFM). The surface was relatively smooth with 

estimated roughness RMS  0.8 nm. This value is comparable with flat ZrxNy surfaces prepared 

by HiPIMS techniques.[45,46] The small local defects (holes) were placed randomly across the 

samples. They are probably induced by high energy of HiPIMS particles impinging the 

surface.[47] Defects concentration was low and particularly incidental, thus, they were neglected 

from the AFM-based roughness estimations. 
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The X-ray diffraction technique was used to identify the phase composition of the investigated 

coatings. The XRD measurements (Figure 2) show the successful deposition of the ZrxNy and 

ZrxNyOz layers. It can be seen that with the decrease of the nitrogen content during the 

deposition process, the diffraction peaks were more pronounced and slightly lower the value of 

the full width at half maximum (FWHM), particularly visible for the dominant peak observed 

at 56.1°. This XRD signal also testifies that the ZrxNy samples were preferentially oriented 

along the (220) plane.[4,48] The diffraction peak at 2θ = 33.4° (± 0.2°) is indexed as a (111) cubic 

zirconium nitride phase, while at 39.0° (± 0.3°) there is a ZrxNy (200) plane.[44] The 6- ZrxNy 

layer exhibits an additional peak at 55.4° attributed to m-ZrO2 (122).[49] Moreover, the signal 

intensity increased with the nitrogen flow rate, suggesting the development of crystallinity of 

the zirconium nitrides. 

For the oxynitride samples, the signals were observed at 2θ angles of ca. 29.0°, 48.8°, 55.1° and 

56.1°. The peak at 2θ = 29.0° may be assigned as ZrxNyOz (222)[50] or m-ZrO2 (111),[49] while 

the signal at 48.8° corresponds to ZrxNyOz (440)[51] (see Figure 2B). The results show that 

inside the ZrxNyOz samples, there is no Zr-N bonding. Furthermore, the intensity of the signal 

at 56.1° significantly increases in the order of 1-ZrxNyOz, 2-ZrxNyOz, and 3-ZrxNyOz, suggesting 

the presence of a ZrxNy (220) plane. However, as will be shown later, for 3-ZrxNyOz, the 

nitrogen content is almost absent. Thus, for the oxynitride films, the peak at 56.1° is assigned 

as a ZrO2 (130) plane,[27] which shows that the layer is formed primarily by zirconium oxide 

instead of oxynitride. It should be noted that the diffraction signals from the nitrogen and 

oxygen atoms present inside the zirconia crystalline structure are very close to each other, which 

significantly hinders the interpretation of the results.[27] Hence, the next step was the 

investigation of the element composition using the X-ray photoelectron spectroscopy technique, 

which instead of XRD, shows only the surficial part of a sample (usually up to 5 nm).  
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The high-resolution spectra of zirconium (Zr 3d), nitrogen (N 1s), and oxygen (O 1s) are shown 

in Figure 3, whereas the deconvolution data are gathered in Table 2. The XPS survey spectra 

are shown in Figure 4A,B, while the atomic concentration of Zr, N, and O is presented in 

Figure 4C,D and was calculated from the integrated intensities of Zr 3d5/2, the N 1s, and the O 

1s, respectively. 

Figure 3A presents a comparison of the Zr 3d spectra of the 2-ZrN and oxynitride samples. The 

authors decided to present only the high-resolution XPS spectrum of the ZrN-2 sample due to 

the chemical similarity between the ZrN-1-6 samples. The deconvolution was done for the Zr 

3d5/2 range, which can be divided into three separated peak doublets, with Zr3d5/2 signals at 

179.6 eV (Zr-N), 180.7 eV (O-Zr-N), and 181. 9 eV (Zr-O).[52,53] The N 1s spectra (Figure 

3C,F,I,L) was decomposed into five doublets observed at 395.6 eV, 399.4 eV, and 402.9 eV 

attributed to N-Zr-O bonding, and two signals assigned to Zr-N bonds at 396.2 eV and 397.1 

eV, respectively.[25,51,53,54] All measured samples contain a high amount of oxygen, which may 

be explained by post-growth ambient surface oxidation.[53,55] The reaction of zirconium 

oxynitride oxidation is presented in Equation (1).[28] 

          𝑍𝑟𝑥𝑁𝑦𝑂𝑧(𝑠)
+

2𝑥−𝑧

2
𝑂2

(𝑔)
→ 𝑥𝑍𝑟𝑂2(𝑠)

+
𝑦

2
𝑁2 (𝑔)                         (1) 

It should be noted that zirconium components usually have 2–5 nm thick ZrO2 layers,[56] which 

match the measurement depth of the XPS technique.  

The oxygen concentration in the zirconium nitride layers does not differ significantly and 

provides about 34 at%. For the oxynitride coating, there was a clear trend, as might have been 

expected. The amount of oxygen increased in the order of 1-ZrxNyOz, 2-ZrxNyOz, and 3-ZrxNyOz 

from 32.2 at% to 48.3 at%, as presented in detail in Table 2. The high content of O-Zr-O species 

and low amount of nitrogen in the 3-ZrxNyOz suggests that the dominant structure in this sample 

was zirconium (IV) oxide, ZrO2. For the zirconium oxynitride samples, despite the fixed flow 
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of nitrogen during deposition, the nitrogen content decreased with the increase in oxygen flow. 

This phenomenon can be explained by the fact that from a thermodynamic point of view, Zr 

prefers to react with oxygen over nitrogen.[22] Moreover, the bond dissociation energy of the 

Zr-N bond (565 kJ mol-1) is about 40% lower than the Zn-O bond (760 kJ mol-1)[57] inducing 

adatom migrations or re-etching processes.  

The signal recorded in the O 1s core-level binding energy range can be deconvoluted into two 

peaks, placed at 529.8 and 531.6 eV, and assigned to O-Zr-O and N-Zr-O bonds, respectively, 

which suggest the formation of a passive layer.[25,50] Brown et al.[58] proposed two mechanisms 

of passivation reaction of ZrxNy coatings. In the first, the nitrogen atoms in the ZrxNy layer are 

exchanged with oxygen, leading to the formation of ZrO2 and/or ZrO2·H2O as shown in 

Equation (2,3).[28,59] In the second mechanism, the oxygen is incorporated into the ZrxNy film 

forming an oxynitride (Zr-N-O) (Equation (4)[28]). 

𝑍𝑟𝑥𝑁𝑦(𝑠)
+ 𝑥𝑂2 (𝑔) → 𝑥𝑍𝑟𝑂2 (𝑠) +

𝑦

2
𝑁2 (𝑔)                                          (2)

𝑍𝑟𝑥𝑁𝑦(𝑠)
+ 𝑥𝑂2 (𝑔) + 2𝑥𝐻2𝑂(𝑙) → 𝑥𝑍𝑟𝑂2 ∙ 2𝐻2𝑂(𝑠) +

𝑦

2
𝑁2 (𝑔)  (3) 

𝑍𝑟𝑥𝑁𝑦(𝑠)
+ 𝑂2 (𝑔) →  𝑍𝑟𝑥𝑁𝑦𝑂𝑧(𝑠)

 (4) 

The formation of oxynitride bonds can be seen at 180.7 eV (O-Zr-N) for the Zr 3d5/2 spectrum, 

at 395.6 eV, 399.4 eV, and 402.9 eV (N-Zr-O) for the N 1s spectrum, and analogously for the 

O 1s spectrum at 531.6 eV (N-Zr-O). According to the O 1s and N 1 s spectra, the amount of 

N-Zr-O increased along the ZrxNy sequence 7- ZrxNy < 5-ZrxNy < 3-ZrxNy < 2-ZrxNy, see Table

2. In the same sequence, a decrease of O-Zr-O bonds can be seen. Similarly to the zirconium

nitride samples, with the increasing oxygen flow during the deposition of the ZrxNyOz, the 

number of N-Zr-O bonds decreased at the expense of Zr-O bonds.  

2.4. Corrosion tests of zirconium nitride coatings 
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2.4.1. Results of electrochemical impedance spectroscopy studies 

Electrochemical impedance spectroscopy (EIS) and linear polarization (CP) were employed to 

investigate the corrosion characteristics of the ZrxNy and ZrxNyOz layers. The recorded EIS 

impedance spectra are presented in the form of Nyquist and Bode plots and are shown in Figure 

5 and Figure S3, respectively. The collected impedance data were approximated by an electric 

equivalent circuit (EEQC), using the ZSimpWin analyser. The values of each electrical 

parameter estimated using the aforementioned EEQC are gathered in Table 3. 

The proposed EEQC consists of two time constants and corresponds to the two layers: passive 

layer and coating (Figure 6). In this model, the resistor Re corresponds to the electrolyte 

resistance, Rf denotes the passive film resistance,[60,61] C1 is the corrosion capacitance of the 

coating, whereas Rct is attributed to the charge-transfer resistance. The CPE is the Constant 

Phase Element and represents the quasi-capacitance of the double layer. The CPE impedance 

is defined as ZCPE = 1/Q(jω)n, where Q is the quasi-capacitive parameter, n is the CPE exponent, 

which corresponds to the system homogeneity (0≤n≤1), for n tending to 1, CPE represents an 

ideal, homogeneous capacitor, j reveals the imaginary unit, and ω displays the angular 

frequency.  

The value of polarization resistance Rp is directly related to corrosion resistance – Rp is inversely 

proportional to the corrosion rate. Thus, the larger the Rp value, the better the corrosion 

resistance.[61–63] The polarization resistance is the sum of Rct and Rf, however, due to the 

significant difference of units between these resistances, it can be assumed that Rct determines 

the Rp value. According to the EIS results (Figure 5), the samples with the greatest number of 

N-Zr-O bonds, 1-ZrxNy and 2-ZrxNy, show the best corrosion resistance, with Rct equal to 92.9 

and 68.0 MΩ cm2, respectively.  

There is a significant difference in the charge transfer resistance between the zirconium nitride 

and zirconium oxynitride layers. The degradation process at the interface of the ZrxNy and the 
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domestic wastewater was more sluggish than that of the ZrxNyOz. All of the ZrxNyOz samples 

showed Rct values below 7.07 MΩ·cm2, which may be associated with the low number of 

nitrogen atom inside the layers. Referring to literature,[42] the layer of oxynitride, which is 

surprisingly thicker in the ZrxNy coatings, is highly stable in aggressive environments due to 

the formation of ZrO2 on the coating’s surface, as shown in Equation (5): 

                                           𝑍𝑟𝑁𝑥𝑂𝑦 + 𝑧𝐻2𝑂 →
𝑦+𝑧

2
𝑍𝑟𝑂2 +

𝑥

2
𝑁2 + 𝑧𝐻2                                    (5) 

Moreover, the parameter n for the ZrxNyOz is lower (0.74–0.81) than for the ZrN samples (0.88–

0.91), which indicates the appearance of the frequency dispersion of the capacitance due to the 

considerably higher level of surface electric heterogeneity of these samples. 

 

2.4.2. Results of linear polarization studies 

Based on the extrapolation of the linear polarization curves (see Figure 7), recorded in the range 

of the low overpotentials, we estimated corrosion current density jcorr and corrosion potential 

Ecorr. The results are gathered in Table 4. Further, the comparison of the polarization resistance 

and current densities is presented in Figure 8. 

Two of the three different ZrxNyOz coatings exhibited higher a corrosion potential value 

regarding the ZrxNy coatings, a feature connected with surface coverage by ZrO2. Importantly, 

the corrosion rate occurring at the ZrxNy surface is anodically-controlled, while the ZrxNyOz 

coatings are characterized by a mixed type of control. These results suggest, that oxidizing the 

ZrxNy coating surface does not restrict the anodic oxidation, as would be expected from any 

sample covered with the protective passive layer. These observations could be explained by the 

peeling-off of the ZrO2 coatings neglecting their protective behavior, as was noted in corrosion 

tests by other authors.[24] A partially peeled-off passive layer would not improve the corrosion 

resistance; on the contrary, it would increase the corrosion rate due to the possible formation of 
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active-passive galvanic microcells. The decrease in surface homogeneity is confirmed by the 

drop of the CPE exponent within the impedance studies. 

The corrosion current density of the ZrxNyOz coating was in the range of 33–70 μA cm-2, 

whereas for the zirconium nitride layers, the jcorr value was below 1.0 μA cm-2. The corrosion 

potential of the 1-ZrxNyOz and 2-ZrxNyOz coating shifted to the positive potentials and reached 

ca. 0.12 V (vs. Ag/AgCl). On the contrary, the 3-ZrxNyOz sample showed negative potential (-

0.36 V). The difference is due to the different concentrations of nitrogen and oxygen atoms 

showed in the XPS results. The 3-ZrxNyOz may be considered as zirconium oxide, not 

zirconium oxynitride due to negligible amount of nitrogen.  

The linear polarization results significantly coincide with the EIS results. The best corrosion 

resistance can be seen for the 2-ZrxNy (64 nm y-1), followed by the 1-ZrxNy (80 nm y-1). The 

same trend is observed analysing the Rp values, the samples synthesized with a higher nitrogen 

content in the Ar/N2/O2 mixture flow show better anti-corrosion properties. The high corrosion 

resistance of ZrxNy coatings can be attributed to their ability to produce a passive layer, not by 

metal nitride coating.[64] Moreover, at the interface of the coating with the aqueous electrolyte, 

a layer of hydrated zirconia oxygen forms, which cuts off contact of the aggressively corrosive 

environment from the sample.  

The presence of passivation was also justified by the XPS results. The best corrosion resistance 

was shown by the ZrxNy samples with the higher number of N-Zr-O bonds at the expense of O-

Zr-O bonds; namely 1-ZrxNy and 2-ZrxNy.  

The zirconium oxynitride layers exhibited worse corrosion behavior than the ZrxNy samples. 

The corrosion rate of the zirconium oxynitrides was much higher and reached 8.5 µm y-1 for 

the 2-ZrxNyOz layer. Furthermore, the layer should be homogeneous. According to the EIS 
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results, the n parameter of the oxynitride was lower than 0.81, which suggests greater 

heterogeneity, which may influence the corrosion properties.  

The electrochemical corrosion behavior of the films deposited by magnetron sputtering was 

mainly affected by three material properties: (i) composition, (ii) morphology, and (iii) 

architecture. These characteristics were, in turn, affected by intrinsic and extrinsic features of 

the system substrate-film-electrolyte, such as the type of film growth, defects, density, phases, 

resistivity, and film-substrate adhesion, among others. As a result, the great difficulty of 

controlling the electrochemical corrosion of magnetron-sputtered films lays in the fact that 

some of these features are interconnected, and thus, by changing one, the others will be 

modified. For example, the composition of the films (together with the deposition conditions) 

can largely alter their columnar or granular growth, as well as the porosity and boundary density 

in the materials. Changing the architecture of the coatings by creating bi-layers or multilayers 

may alter the porosity and defects of the system, also affecting the electrochemical corrosion. 

Moreover, the type of substrate not only modifies the growth of the films, but also activates 

galvanic processes within the films and/or alters their adhesion strength. 

 

3. Conclusion 

We present highly-crystalline ZrxNy and ZrxNyOz coatings formed by high-power impulse 

magnetron sputtering (HiPIMS) in an atmosphere containing argon with various N2, and N2/O2 

gas admixtures. 

The nanotribology tests revealed better mechanical properties of the coatings deposited with 

low nitrogen content, which optimally should not exceed 0.8% to maintain high coating 

hardness above 24.5 GPa. Similarly, the O2 content significantly reduces the coating hardness. 

The differences emerge from the alteration of the coatings’ chemistry and structure. The XRD 

studies allowed us to conclude the preferential orientation of ZrxNy crystallites along the (220) 
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plane. On the other hand, the oxynitride samples had a more diversified crystallographic 

structure, which was due to the formation of ZrO2 oxides at the coating surface, further testified 

with the XPS. 

Next, we successfully conducted corrosion resistance tests using polarization studies and 

electrochemical impedance spectroscopy for each investigated coating in a synthetic 

wastewater. The ZrxNy coatings offer outstanding anti-corrosion properties in the investigated 

corrosive media, which are as low as 64 nm/year in the case of a 2-ZrN sample (1.00% N2). 

This effect is obtained while maintaining a sample resistivity of 6  cm. The N2 concentration 

during the HiPIMS coating formation has a limited influence on the deterioration of the 

remarkable anti-corrosion properties of the ZrxNy coatings, however, a slow corrosion rate 

increase with the N2 concentration decrease was observed. In contrast, despite the presence of 

a zirconia oxide passive film, the estimated ZrxNyOz coating’s corrosion rate is over three orders 

of magnitude higher, reaching a maximum of 8.5 µm year-1 (0.98% N2, 0.69% O2). This is an 

effect which was concluded to be most likely due to the higher heterogeneity of the deposited 

coating, as testified by the capacitance dispersion effect in the impedance study. 

In conclusion, our findings provide proof that the deposited ZrxNy coatings with approximately 

0.83–1.00% N2 content in the gas mixture offer the best combination of both mechanical 

properties and corrosion resistance in domestic wastewater. 

 

 

4. Experimental Section  

Chemicals 

All reagents were analytical grade and used without further purification. 

Zirconium nitride coating fabrication 
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The ZrxNy and ZrxNyOz films were deposited using reactive magnetron sputtering onto silicon 

(111) substrates (see Figure 9A). A planar magnetron (3-inch magnetron with 99.999% Zr 

target) powered by high-power impulse magnetron sputtering – HiPIMS (pulse duration was 

varied from 70 µs to 100 µs with a 100 Hz repetition rate to stabilize the discharge) in an 

Ar/N2/O2 atmosphere; more in detail described elsewhere.[65,66] Depending on the ratio between 

the gases, and the resultant chemical composition, the mechanical properties of the deposited 

layer could be tailored.[67] The specified preparation conditions are gathered in Table 5. The 

optimized deposition conditions were as follows: 0.6 Pa pressure, 10 cm sample-to-magnetron 

distance. The varied parameter was the ratios of nitrogen, argon, and oxygen. The ZrxNy 

samples were prepared for 30 min without oxygen flow. The argon flow (99.999%) was 

changed from 90 sccm to 20 sccm, and the nitrogen flow (99.999%) was fixed to 0.5 sccm. The 

DC powering the HiPIMS was fixed to 400 mA, while the voltage was increased from 530 V 

to 600 V with the Ar varying from 40 sccm to 90 sccm, respectively. The ZrOxNy coatings were 

deposited for 60 min with an additional oxygen (99.99%) flow. For these samples, argon flow 

was fixed to 0.5 sccm, whereas the Ar flow was 50 sccm. 

Domestic wastewater preparation 

The synthetic wastewater was prepared according to the composition presented in Table S1. 

Characterization techniques 

The surface morphology of the zirconium nitride coatings was studied using a Thermo Fischer 

Phenom XL scanning electron microscope (SEM) with an integrated energy dispersive x-ray 

spectrometer. The phase composition was characterized by X-ray diffraction (XRD) with regard 

to line position, intensity, and line profile of the observed Bragg reflections. The XRD was 

performed on a D8 ADVANCE diffractometer (Bruker AXS) with Cu K radiation (40 kV, 40 

mA) in the 2 range up to 80 at incidence angle ω = 1º. 
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The chemical composition of the ZrxNy and ZrxNyOz layers was investigated by X-ray 

photoelectron spectroscopy (XPS) using an Axis Supra spectrometer (Kratos Analytical) with 

a monochromatic Al Kα X-ray source. The pass energy was selected to be 10 eV. After 

subtracting the background signal, the spectra were fitted by mixed Gaussian-Lorentzian 

functions.  

The mechanical properties of the deposited structures were tested using a NanoTest instrument 

(Wales) equipped with a diamond Berkovich indenter under the following conditions: a normal 

load of 4 mN at a loading/unloading rate of 0.4 mN s-1, 10 s creep period was set. The 

calculations of hardness H and reduced elastic modulus Er were performed using standard 

procedure.[68] The thickness of the coating (determined from a step profile on the partially 

covered samples) was measured by Tencor Instruments Alpha-Step 500 profilometer (USA). 

Measurement was done as average from at least three points on each sample. 

The electrochemical studies were performed using a VMP-300 Bio-Logic potentiostat–

galvanostat (France) in the EC-Lab software. The three-electrode assembly was used. The 

ZrxNyOz coatings, deposited on silicon, were used as the working electrodes (geometric area ca. 

0.2 cm2). A Pt mesh served as the counter electrode, while an Ag/AgCl wire and an Ag/AgCl 

3.0M KCl electrode were the reference electrodes (see Figure 9B). The electrochemical 

impedance spectroscopy (EIS) was carried out in a wide frequency range from 5 mHz to 100 

kHz in a synthetic wasterwater solution with a peak-to-peak amplitude of 10 mV and 6 points 

per frequency decade. The EIS spectra were recorded in potentiostatic polarization mode at 

corrosion potential Ecorr. Linear polarization (LP) was conducted in a domestic wastewater 

solution in the polarization range between ±0.25 V vs. Ecorr with the scan rate equal to 1 mV s-

1. Prior to the EIS and LP measurements, each sample was initially conditioned for 15 min. 

Corrosion rate Vcorr (mm y-1) was calculated according to the Equation (6).[69,70] 
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𝑉𝑐𝑜𝑟𝑟 =
𝐼𝑐𝑜𝑟𝑟 ∙ 𝐾 ∙ 𝐸𝑤

𝑑 ∙ 𝐴
,                                                             (6) 

where K is a constant equal to 3272, Ew is the equivalent weight, d is the material density, and 

A is the geometric surface area. The Ew value was determined as the ratio of the molar mass of 

the compound to be reacted to the number of electrons exchanged in the reaction. The mass of 

the ZrxNy layer, considerably simplified, was assumed to be 119.23 g mol-1. The number of 

electrons exchanged was taken to be equal to 4, taking into account the considerations on the 

thermodynamic stability between ZxNy and ZrO2·2H2O shown by Alias.[71] However, the actual 

reactions taking place during this the process can be much more complex, as discussed later in 

this publication. It should be noted that values determined in this way are more indicative and 

serve more to compare the anti-corrosion properties of samples than to give exact values of the 

corrosion rate. 
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Supporting Information is available from the Wiley Online Library. 
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Figure 1. Hardness and reduced modulus of the A) ZrxNy and B) ZrxNyOz films prepared on 

Si substrates. 
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Figure 2. XRD spectra of the chosen A) ZrxNy films: 2-ZrxNy, 4-ZrxNy, and 6-ZrxNy, B) 

ZrxNyOz layers: 1-ZrxNyOz, 2-ZrxNyOz, and 3-ZrxNyOz. 
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Figure 3. High-resolution XPS spectra of chosen samples: 2-ZrxNy signal of A) Zr 3d, B) O 

1s, C) N 1s; 1-ZrxNyOz signal of D) Zr 3d, E) O 1s, F) N 1s; 2-ZrxNyOz signal of G) Zr 3d, H) 

O 1s, I) N 1s; 3-ZrxNyOz signal of J) Zr 3d, K) O 1s, L) N 1s. 
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Figure 4. XPS survey scan of chosen (A) ZrxNy, and (B) ZrxNyOz samples; atomic 

concentration of oxygen, zirconium, and nitrogen in the chosen samples of (C) ZrxNy and (D) 

ZrxNyOz. 
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Figure 5. EIS impedance spectra in Nyquist representation recorded for chosen samples 

exposed to synthetic wastewater: A) 2-ZrxNy, B) 3-ZrxNy, C) 5-ZrxNy, D) 1-ZrxNyOz, E) 2-

ZrxNyOz, F) 3-ZrxNyOz. 

 

Figure 6. The electric equivalent circuit used for analysis, composed of two time constants, 

used for the fitting for all investigated layers. 
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Figure 7. Linear polarization curves for the corrosion of chosen ZrxNy and ZrxNyOz layers in 

synthetic domestic wastewater. 

 

Figure 8. Comparison of the polarization resistance and corrosion current density (value 

estimated based on LP results) of ZrxNy and ZrxNyOz layers. 
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Figure 9. Zirconium nitride and oxynitride coatings for protective application: A) fabrication 

process by magnetron sputtering, B) configuration of electrochemical setup for corrosion 

studies. 

Table 1. Resistance and thickness of chosen samples. Error of measured values is within 

10%. 

 ZrxNy ZrxNyOz 

1- 2-  3-  4-  5-  6-  1- 2- 3- 

Resistivity / Ω cm 17.8 6.0 2.9 2.6 2.3 1.8 >106 >106 >106 

Thickness / nm 480 405 575 750 820 700 610 600 176 

 

Table 2. Curve fitting results of Zr 3d, N 1s and O 1s spectra of chosen zirconium nitride and 

oxynitride coatings. 

 BE / eV 

Atomic concentration / % 

Assignment 2- 

ZrxNy 

3- 

ZrxNy 

5- 

ZrxNy 

1-

ZrOxNy 

2-

ZrOxNy 

3-

ZrOxNy 

Zr 

3d5/2 

179.6 ± 0.3 2.4 3.8 5.1 1.2 - - Zr-N 

180.7 ± 0.3 7.4 7.8 8.1 15.6 2.7 - O-Zr-N 
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181.9 ± 0.1 16.9 16.3 16.3 10.2 26 27.4 Zr-O 

O 1s 

529.8 ± 0.2 16.3 18.6 20.6 23.1 38.9 39.6 O-Zr-O 

531.6 ± 0.2 18 16.1 14.1 9.1 3.5 8.7 N-Zr-O 

N 1s 

395.6 ± 0.4 5.6 5.2 5.1 9.5 5 - N-Zr-O 

396.2 ± 0.2 - - - 0.9 - - Zr-N 

397.1 ± 0.3 5.8 6.4 6.9 - - - Zr-N 

399.4 ± 0.2 1.7 1.4 1.5 - - - N-Zr-O 

402.9 ± 0.2 1.6 1.4 1.1 - - - N-Zr-O 

 

Table 3. Selected parameters calculated from the electrical equivalent circuit of the 

impedance spectra of zirconium nitride and zirconium oxynitride hard-coatings.  

 1- 

ZrxNy 

2- 

ZrxNy 

3- 

ZrxNy 

4- 

ZrxNy 

5- 

ZrxNy 

6- 

ZrxNy 

1- 

ZrxNyOz 

2- 

ZrxNyOz 

3- 

ZrxNyOz 

C1 / μF cm-2 2.9 3.8 0.002 0.03 0.03 3.6 0.5 0.2 0.007 

Rf / kΩ cm2 1.2 0.7 1.5 0.1 0.1 0.7 0.1 0.5 18.7 

Rct / MΩ cm2 34.9 68.0 16.7 9.4 34.3 28.1 7.1 1.7 0.5 

Q3 / μF·s(n-1)cm-2 4.4 5.6 10.5 9.7 7.1 5.6 21.8 15.1 0.6 

n3 / - 0.90 0.88 0.91 0.91 0.90 0.87 0.81 0.74 0.77 

jcorr / nA cm-2 0.7 0.4 0.2 0.3 0.8 0.9 3.6 150 52 

 

Table 4. Electrochemical corrosion properties during exposure to synthetic domestic sewage 

obtained by fitting of linear polarization of zirconium nitride and oxynitride coatings. 

 1- 

ZrxNy 

2- 

ZrxNy 

3- 

ZrxNy 

4- 

ZrxNy 

5- 

ZrxNy 

6- 

ZrxNy 

1- 

ZrxNyOz 

2- 

ZrxNyOz 

3- 

ZrxNyOz 

jcorr / μA cm-2 0.7 0.5 0.8 0.9 0.8 0.8 33 70 37 

Ecorr / V -0.43 -0.41 -0.33 -0.32 -0.33 -0.35 0.11 0.12 -0.36 

Vcorr / nm y-1 80 64 95 111 92 92 4011 8507 4497 
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Table 5. Sample codification and deposition conditions. 

Sample 

code 

Ar / 

sccm 

N2 / 

sccm 

O2 / 

sccm 

Nitrogen content 

in Ar/N2/O2 

mixture / %

Oxygen content 

in Ar/N2/O2 

mixture / % 

ZrxNy 1-ZrxNy 40 

0.5 

- 

1.25 

- 

2-ZrxNy 50 1.00 

3-ZrxNy 60 0.83 

4-ZrxNy 65 0.77 

5-ZrxNy 70 0.71 

6-ZrxNy 80 0.61 

Z
r x

N
y
O

z 

1-ZrxNyOz

50 

0.05 0.99 0.10 

2-ZrxNyOz 0.35 0.98 0.69 

3-ZrxNyOz 1.00 0.97 1.94 
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The table of contents 

ZrxNy and ZrxNyOz coatings are prepared by high-power impulse magnetron sputtering and 

investigated as potential corrosion-inhibiting coatings for the partial protection of advanced 

electrodes e.g., in bioelectrochemical systems for electricity generation. The influence of the 

nitrogen content in the coatings on the electrochemical properties and corrosion resistance were 

investigated.  

A. Dettlaff*, M. Brodowski, M. Kowalski, V. Stranak, V. Prysiazhnyi, E. Klugmann-

Radziemska, J. Ryl, R. Bogdanowicz

Highly-oriented zirconium nitride and oxynitride coatings deposited via high-power 

impulse magnetron sputtering: crystal-facet driven corrosion behavior in domestic 

wastewater 
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Supporting Information 

Highly-oriented zirconium nitride and oxynitride coatings deposited via high-power 

impulse magnetron sputtering: crystal-facet driven corrosion behavior in domestic 

wastewater 

Dr. Anna Dettlaff*, Mateusz Brodowski, Marcin Kowalski, Prof. Vitezslav Stranak,  

Dr. Vadym Prysiazhnyi, Prof. Ewa Klugmann-Radziemska, Prof. Jacek Ryl, Prof. Robert 

Bogdanowicz  

Table S1. The composition of synthetic domestic wastewater. 

Component Concentration / mg L-1 

Pepton 114.0 

Starch 38.0 

Glucose 38.0 

Glycerol 55.4 

Ammonium acetate 122.0 

(NH4)2CO3 140.0 

KH2PO4 9.0 

NaH2PO4 10.0 

Figure S1. Image of A) 1-ZrxNy, B) 2-ZrxNy, C) 3-ZrxNy, D) 4-ZrxNy, E) 5-ZrxNy, F) 6-ZrxNy, 

G) 1-ZrxNyOz, H) 2-ZrxNyOz, I) 3-ZrxNyOz films.
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Figure S2. SEM images at magnification: x2 500 and insets x10 000: A) 1-ZrxNy, B) 2-ZrxNy, 

C) 3-ZrxNy, D) 4-ZrxNy, E) 5-ZrxNy, F) 6-ZrxNy, G) 1-ZrxNyOz, H) 2-ZrxNyOz, I) 3-ZrxNyOz

films. 
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Figure S3. EIS impedance spectra in Bode representation recorded for different ZrxNy samples 

exposed to synthetic wastewater: A) 1-ZrxNy, B) 2-ZrxNy, C) 3-ZrxNy, D) 4-ZrxNy, E) 5-ZrxNy, 

F) 6-ZrxNy, G) 1-ZrxNyOz, H) 2-ZrxNyOz, I) 3-ZrxNyOz films.
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