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ABSTRACT

Zirconium oxynitride (Zr(O)N) and Copper-Zirconium oxynitrides (Cu-Zr(O)N) were deposited by a
DC reactive magnetron sputtering technique on stainless steel substrates. A duty cycle controller
was used to obtain different oxygen contents in the developed films and a chemical activation
procedure was carried out to obtain copper oxides. The samples were chemical and structurally
characterized by SEM, EDS, XRD and XPS. Additional functional features were evaluated
according to colour variation and inhibition halo tests. Zr(O)N and Cu-Zr(O)N surfaces showed a
wide colour variation from golden to black tones, progressing through intermediate tones such as
purple, blue and ‘bluish’ grey. An antibacterial effect was only obtained after the chemical activation
of Cu-ZrON-DC100, which showed a Zr(O)N matrix incapable of catching more oxygen from
deposition. After, with the additional availability of O% ions, the Cu present in the coating reacted
with these ions forming CuO. The antibacterial mechanism was associated with the aforementioned
characterizations and ICP-OES spectroscopy. The Cu?* ions release had no influence on the
antibacterial effect although the presence of CuO was decisive in obtaining an antibacterial
behaviour. The acquired results demonstrated a potential multifunctionality of Cu-Zr(O)N coatings,

joining an aesthetical surface with an antibacterial effect.
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Highlights
- Zr(O)N and Cu-Zr(O)N coating systems were deposited by Reactive Magnetron Sputtering
using an oxygen programmable pulse system.
- Copper oxide crystal structures were visible after chemical activation.
- XPS results reported the nature of the copper oxides on the surface and its relationship with
the Zr(O)N matrix.
- The copper incorporation made it possible to achieve colour tuneable films with an

antibacterial surface.

1. Introduction

Surface treatments or decorative coatings are currently relevant in a wide range of markets such
as in the automotive industry (for interior and exterior parts), markets for consumer goods (mobile
phones, computers, cameras, jewellery and watchmaking), for home products (bathroom
equipment, handles and cutlery) and for glasses [1-3]. In all these applications, the surfaces are
intended to be moderately hard, scratch resistant and to have a wide range of colours.

Amongst other characteristics, transition metal nitrides and oxynitrides have exhibited interesting
mechanical [4,5], optical [6,7], anticorrosion [8] and tribological [9] properties. Transition metal
oxynitrides have been developed by several authors [10-13] since, due to their binding
characteristics and their properties, they can be fine-tuned to originate nitrides and the
corresponding oxide. When they are part of the same system, their industrial implementation is
easy and immediate, since the final properties depend only on the chemical composition (O and N
contents) and these contents depend on the processing parameters, namely, the reactive gas
flows, O, and N,. There are numerous examples that have been developed regarding different
combinations of transition metal elements (e.g., Me - Ti, Zr, Cr...) and N, O and / or C, in order to
obtain coatings with excellent mechanical properties, resistance to corrosion, with a low friction
coefficient and a wide range of colours. In fact, some authors have focused on obtaining a variation
of colours in metal transition oxynitrides or carboxynitrides systems. Chappé et al. [14] assessed
the colour variation on TiN-based coatings with C and O addition, revealing that TiN with a low
oxygen content displayed a glossy golden tone but with the incorporation of oxygen, the colour
changed to dark blue. By adding carbon, the colour shifted towards black tones. In fact, in a
previous study [15], the authors of this investigation reported the same colour shifting in Ti(O)N
coatings and also ZrN,O, coatings [16]. They revealed four distinct zones in Zr(O)N system: Zone

| and II, where coatings were based on ZrN and performed a wide colour pallet from pale yellow or



golden tones to dark blue; Oxynitrides (zone lll) and oxides (zone 1V), which presented a semi-
transparent optical behaviour.

The antibacterial activity can be an additional function of decorative coatings because they are
constantly submitted to physical human contact. In fact, these surfaces can be vehicles for bacterial
adhesion and propagation [17] (e.g., surfaces exposed to seawater, hand contact on door handles,
cell phone casings, earrings, rings, watches, faucets, decorative objects, etc.). Bacterial adhesion
can also cause biofilm formations on the material surface [1]. These are communities of
microorganisms that strongly adhere to the surface and are very complex and hard to remove. The
biofilm formation also promotes corrosion of metal surfaces, which in turn leads to their degradation
[20].

Antibacterial surfaces could be applied on surgical instruments, cutlery, doorknobs, faucets,
earrings, ornaments, and reusable bottle caps, amongst other products. Currently, some
researchers have been studying the biocidal characteristics of transition metal nitrides or
oxynitrides matrices with antibacterial agents (e.qg., silver (Ag), copper (Cu) and zinc oxide (ZnQ)).
Chang et al. [2] incorporated Ag in a ZrON matrix through a reactive magnetron sputtering
technique, which achieved an antibacterial coating with ~12 at.% Ag that was effective against
Staphylococcus aureus and Actinobacillus actinomycetemcomitans, commonly found in implant-
associated infections. Osés et al. [3] performed Ag and Cu doped chromium nitride (CrN) and TiN
films over ceramic tiles and all films presented around 20 at.% of dopant agent on its surface,
adding an antibacterial effect against S. aureus and Escherichia coli as well as noteworthy
mechanical properties. Kelly et al. [18] compared tribological and antibacterial properties of CrN/Ag,
ZrN/Ag, TiN/Ag and TiN/Cu nanocomposite coatings obtained by a dual pulsed magnetron
sputtering equipment. Their findings showed a degradation of the tribological properties with the
incorporation of softer/active materials in the nitride film. Besides that, Kelly et al. [18] showed a
hostile activity to Pseudomonas aeruginosa in the zone of inhibition (Zol) tests. Nitro-blue
tetrazolium (NBT) redox dye was also used to check the antibacterial effect after the incubation
process and showed a growth inhibition of S. aureus on these coatings. Baghriche et al. [19]
implemented a Cu layer over TiO; thin film, obtaining an antibacterial effect against Escherichia
coli in simulated solar exposition. According to the reported, Cu ions (specially Cu?* ion) showed a
strong relation with the inactivation of bacteria.

Coatings possessing Cu as an antibacterial element are an important scientific advance as they
are cheaper when compared with Ag and Zn-based coatings. Another important aspect is that,

according to the periodic table of sustainability recently published by the European Chemical



Society (EuChemS) [20], Ag and Zn face a serious threat in the next 100 years, contrary to what is
expected from the Cu element. Amongst possible copper-based compounds, CuO has been
established as an antibacterial/antifungal agent [17,21,22].

These previous studies have revealed the potential to apply transition metal nitrides or oxynitrides,
commonly used in anticorrosion or mechanical applications, to extend their functionalities such as
antibacterial properties. However, there is still a lack of research on the development of aesthetic
coatings and antibacterial properties.

The present study sees to explore the addition of Cu to Zr(O)N films to combine aesthetical and
antibacterial properties. One of the aims is to understand the effect of oxygen and copper content
on the colour of the samples. Further, performing a chemical activation of Cu-Zr(O)N films to obtain
Cu-antibacterial species is also a goal of the current study. This investigation is, to the best of our
knowledge, the first study of Cu-Zr(O)N films which combines both decorative and antibacterial
properties. The achievements of a personalized decorative layer with antibacterial activity will

impulse the position of brand-new products with high industrial interest.

2. Experimental

2.1 Deposition conditions of Cu-Zr(O)N coatings

Cu-Zr(O)N coatings were deposited by DC reactive magnetron sputtering with Zr and Cu targets
(200 x 100 mm?, with a 99,9% purity). All films were sputtered on stainless steel 316L and silicon
wafers. All substrates were previously sequentially cleaned with distilled water, acetone and
ethanol in an ultrasonic bath for 10 minutes each in order to remove any impurity or contamination.
Before the deposition, an etching process was performed on the substrates with an argon plasma
(80 sccm) for 15 minutes, by applying 0.3 A to the substrate holder with a DC pulsed power source,
which was set at 1536 ns on reverse time and 200 kHz of frequency applied to the substrate holder.
In the sputtering process, the reactive atmosphere and some parameters were varied to produce
Zr(O)N and Cu-Zr(O)N films according to table 1. Prior to any deposition, a first Zr interlayer was
deposited in an Ar atmosphere (0.64 Pa) for 15 minutes with 50 A/m? as the current density to
promote film adhesion. An additional ZrN interlayer, was deposited for 5 minutes before the Zr(O)N
and Cu-Zr(O)N coatings in order to reduce superficial defects which could produce stresses in the
film and hence, possible delamination processes. A pulsed negative DC bias voltage of 50 V was
applied to the substrate holder and the deposition process was carried out at 170 °C with a base
pressure of 3.3 x 10+ Pa.

For the films deposition the current density applied in Zr target was 125 A/m? and for the films with



a copper addition a DC pulse power source (200 kHz, 1536 ns, 10 A/m2) was used. To control the
O/N ratio and consequently tune the colour pallet, a duty cycle controller was used with 45 s period
in a square wave for O, addition on the reactive atmosphere. The duty cycle used in this study was
the same as that used in previous studies by the authors [15] and which has been explained in
previous these studies [23-27]. The O, duty cycle set-ups were 20, 40, 80 (exclusively for Zr(O)N
system) and 100% (only in Cu added films), which correspond to the flow values and times shown
in table 1. The ZrON-DC100 sample was discarded because of a displayed interference
phenomena in its appearance.

In order to promote the formation of CuO antibacterial species, which is theoretically formed in a
1:1 O/Cu ratio, an activation procedure was performed as reported by [28]. According to the Cu-O
phase diagram [29], copper has a high chemical affinity with oxygen. In fact, even with a small
oxygen amount at low temperatures (< 0.004 at. % O), copper enters into a structural transition
zone with pure Cu and Cu,0. Based on the information provided by the phase diagram, where CuO
species could be formed to amounts higher than 33 at.% O, Cu-Zr(O)N samples were immersed in
a commercial solution of sodium hypochlorite (NaCIO) at 5% (w / v) for 5 minutes. Then, the
samples were washed in deionized water three times in a row in order to remove the remaining
oxidizing solution and air-dried (inside a flow chamber). The same procedure was carried out for
the Zr(O)N samples to allow for the same conditions to be kept for the antibacterial test.

2.2  Characterization techniques

Chemical composition was established by scanning an electron microscope (SEM) in an FEI Nova
200 scanning electron microscope equipped with an EDAX Pegasus X4M detector for energy-
dispersive X-ray spectroscopy (EDS). All chemical composition measurements were taken at 15
kV and were obtained from an average of three measurements.

Coating’s thicknesses were carried out by 3D Optical Profilometry in a FLMETRICS Profilm 3D

profilometer. The thickness measurements were performed in a 114.5 x 85.5 ym?2 sample area and

the reported value is the average of 10 measurements.

Glancing Incidence X-Ray Diffraction (GIXRD) was used to report coating’s structure. Bruker D8
Discover was set up in [J = 4°, with a CuKa (A = 1.5406 nm) radiation operated at 40 kV and 40 mA
with 0.04° step size. All measurements were fitted according to the Pseudo-Voigt function.
Additional chemical characterization was carried out through X-Ray photoelectron spectroscopy
(XPS) 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 Ka X-ray source
(1486.7 eV), operating at 15kV (150 W), in FAT mode (Fixed Analyzer Transmission), with a pass



energy of 80 eV for survey and 40 eV for elemental spectrum. The effect of the electric charge was
corrected by the reference of the carbon peak (285 eV).

The colour coordinates were evaluated with a commercial MINOLTA CM-2600d portable
spectrophotometer under the standard CIE illumining D65 in steel samples. The results were
represented in the CIE L*a*b* colour space and displayed in the 1976 CIE L*a*b* colour space.
The antibacterial activity of the films was tested using Staphylococcus epidermidis ATCC 12228
(obtained from American Type Cell Collection). Zone of inhibition (Zol) or halo tests adapted from
Kirby-Bauer method [30], were performed to evaluate the antibacterial activity of samples according
to our previous study [15]. All experiments were repeated in triplicate and at least in three
independent assays. After the halo test, the samples were removed and dehydrated according to
the methodology mentioned in Manninen et al. [31]. Afterward, the samples were mounted in
aluminium pin stubs with an electrically conductive carbon adhesive tape (PELCO Tabs). The
samples were sputter-coated with gold and observed at 10 kV by scanning electron microscope
(SEM) in a FEI Nova 200 scanning electron microscope.

In order to estimate the release of copper from the coatings with time, 316L SS substrates coated
with Cu-Zr(O)N were immersed in 50 ml of an NaCl (3.5%) solution at room temperature, simulating
a seawater exposure. A volume of 2 ml of the solution was taken after 2 and 24 hours and analysed
by inductively coupled plasma optical emission spectrometry (ICP-OES — ICP PerkinElmer

spectrometer model Optima 8000).

3. Results and discussion

3.1.  Chemical characterization

Chemical composition, thickness and deposition rates of the coating systems are shown in table 2.
The results show that, as expected, when increasing the duty cycle (DC) on the O, flux, it is possible
to increase the oxygen content and therefore decrease the nitrogen content for both sets of
samples (example, compare ZrN-DC20 with ZrN-DC80). Figure 1 shows the oxygen incorporation
into the films, which is more significant in Cu-Zr(O)N films. This increase has a small impact on the
deposition rate for the Zr(O)N system. It is important to highlight that, as was expected for the Cu-
Zr(O)N system, the deposition rate is significantly higher than for the Zr(O)N system, since a second
target of copper was used. However, the increase by almost double the deposition rate, must not
only be justified by the second target as the density current is not the doubled amount (125 A/m?2

for the Zr target and only 10 A/m? pulsed for the Cu target). The deposition rate is clearly increased



with the addition of copper to the Zr(O)N coatings, because Cu shows higher sputtering yields
comparing with Zr (2.3 and 0.7, when bombarded with Ar at 0.6 keV, respectively [32]).
Additionally, according to the elemental mapping in the Cu-ZrON-DC100 sample, the copper is
distributed uniformly along the film surface and it does not form any agglomerates or nanoparticles
as is shown in figure 2.

3.2.  Structural characterisation

The evolution of the crystallographic structure with the increase of the oxygen content for the
Zr(O)N samples was evaluated by XRD (Figure 3a). The identified crystalline phases are fcc-ZrN
(face-centred cubic ICDD card no. 00-035-0753) and orthorhombic-ZrsN, (ICDD card n° 00-051-
0646), which are consistent with other published studies for similar coatings [10,33]. The Zr(O)N
films (with low oxygen content) displayed a characteristic rock-salt structure typical of ZrN with its
common peaks in (111) (the preferential orientation), (200), (220) and (311) planes. By
incorporating oxygen through duty cycle increase, the Zr(O)N films lose crystallinity, which is
expressed by the decrease in the peak’s intensity as well as by its broadening. Indeed, this is
reflected in the decreasing of grain size as shown in figure 4. The ZrN sample displayed 9 nm
crystallite sizes in the preferential growth plane (111) and after, the shrinking of this crystallite was
evident as the duty cycle was increased. Another point worth highlighting is that through the
increase in the oxygen content there is an increase of the ZrsN4, phase, which becomes the
dominant one in the ZrN-DC40 and ZrN-DC80 samples (11 at% and 19 at% of oxygen content).
Some authors suggest that this phase results from cell expansion by incorporation of nitrogen (and
oxygen) atoms in interstitial positions [34] or as a relaxed NaCl structure with some Zr vacancies.
In fact, Zr(O)N the transition from ZrN phase to ZrsN4 occurs due to a quasi-direct exchange
between the metallic/non-metallic species ratio into the film (see table 2, the Zr/(N+O) ratio).

The evolution of the crystallographic structure with the increase of the oxygen content for the
Zr(O)N samples with copper incorporated was evaluated by XRD (Figure 3b). The identified
crystalline phases are fcc-ZrN (face-centred cubic ICDD card no. 00-035-0753) and orthorhombic-
Zr3N4 (ICDD card n°® 00-051-0646), which are consistent with samples without copper. However, in
the samples with higher oxygen contents (Cu-ZrON-DC100) a new ZrO, crystalline phase can be
assigned with an fcc-structure coherent with ICDD no. 00-049-1642. As has already been
discussed, the Cu incorporation promotes a decrease in the Zr content, implying a decrease in the
metallic/non-metallic species ratio, compared to the Zr(O)N system, as a faster transition between
the ZrN phase and Zr3N4 is expected (even this phase is possible to detected for the Cu-ZrN coating

where the Zr/N ratio is 0.9). The phases’ shift across coatings reveals that oxygen replaces nitrogen



due to zirconium preference to form oxides above nitrides as is demonstrated by their formation
enthalpy (AHjzr0,= — 1042.8 kj/mol [35] and AHjfz.y= —365.5kj/mol [36]). Also, figure 4

demonstrates this significant structural change through the shrinking of the ZrN crystallite size until
its disappearance, which leads to the appearance of ZrO, crystallite in the Cu-ZrON-DC100.
Besides, the Cu-ZrON-DC40 has a nanocrystalline structure within a transition between a nitride
and oxide behaviour. An inset on the broad peak between 28° and 36° reveals a sum of diffraction
peaks corresponding to the ZrN (111) plane and the Zr,ON, (222) and (004) planes corresponding
to the ICDD pattern no. 01-089-8344 (Figure 3c).

Another remark related with the Cu-Zr(O)N samples is that there are no traces of Cu or copper
oxides crystalline phases, notwithstanding the amount presented in the films (= 10 at%). This allows
us to infer with high probability that these samples will not show significant antibacterial activity due
to the inexistence of CuO antibacterial species [21,22,37]. This fact was confirmed by the absence
of halo to S. epidermidis in the non-activated samples (see Figure Sl. 1). In agreement with previous
studies [28], an activation of Cu-Zr(O)N was performed with a commercial solution of sodium
hypochlorite (5% v / v) (see experimental section) in order to confer antibacterial properties.
Structural changes promoted by the activation (samples labelled with A) are shown in the XRD
diffractograms presented in Figure 5. The activation with sodium hypochlorite is an oxidative
process, and by the previous results observed for the Zr(O)N coatings with the incorporation of
oxygen, the ZrzN,4 crystalline phase is expected on the Cu-ZrN coating [33,38]. Some authors
[16,33] reported that ZrOsN, coatings obtained by reactive magnetron sputtering displayed ZrzNy4
phases when ZrN has some oxygen inclusion, and concluded that Zr;N, is a poor oxygen doped
structure in ZrON systems. The Cu-ZrN(A) did not show a Cu based crystalline structure after the
chemical treatment, suggesting that all the oxygen was incorporated on the ZrN structure. This
behaviour was not observed for the Cu-ZrON-DC100(A) sample. In the XRD patterns, it is possible
to distinguish a monoclinic-CuO and orthorhombic-CugO phases according to the ICDD patterns
no. 00-045-0937 and no. 01-078-1588 respectively. The CuO or Tenorite plays an important role
in the antibacterial activity, as has been reported in literature [17,21,22,39]. Additionally, the
presence of CugO or octacopper oxide is observed: a metastable copper suboxide, which is
decomposed in Cu and Cu,O species [40]. It could be considered as a transition copper oxide
towards more stable species. The formation of these copper oxides could be triggered by the
exposition of an oxygen-rich media such as NaClO, increasing the available oxygen to react with
the latent copper inside the film. In their study, Guan et al. [40] concluded that the CugO could be
formed in atmospheric conditions but in a very slow kinetics. In addition, this copper oxide results



from the interstitially incorporation of oxygen, which suggests that in the sputtering process copper
metastable phases could be formed with higher oxygen amounts. Indeed, the oxidative process
promotes the formation of copper oxide phases only in the samples with high amounts of oxygen.
With regard to the existent phases, ZrO, peaks displayed an intensity loss that could be due to a
loss of crystallinity promoted by the sodium hypochlorite and the possible transition to form copper
oxide species.

3.3. XPS analysis

In order to investigate the chemical bonding before and after the activation process, XPS analysis
was performed on the surface of the Cu-ZrN and the Cu-ZrON-DC100 samples. Firstly, it was
possible to observe that survey spectra did not display any significant changes amongst films,
presenting Zr, Cu, O and N as main elements. These results were aligned with the composition
determined by EDS. Also, no traces of Cl on the activated samples were found (survey and region
of interest, ROI), which showed that all the by-products and remaining sodium hypochlorite had
been removed.

In agreement with the chemical composition of the films, four ROIs were explored: N 1s, O 1s, Zr
3d and Cu 2p. The peak parameters of all these ROI's are summarized in table 3.

The N 1s spectrum of both non-activated samples is showed in Figure 6a and 6b. The Cu-ZrN
(Figure 6a) displays four peaks at 395.76 eV, 397.28 eV, 399.68 eV and 403.17 eV, whereas the
Cu-ZrON-DC100 (Figure 6b) shows only one strong peak at 395.76 eV. The common peak on
these samples (~395.76 eV) corresponds to Zr(O)N and it is in agreement with Milosev et al. [41]
who studied the electrochemical oxidation in ZrN films. They show that this peak is a contribution
of the oxynitride present in the ZrN structure. Moreover, several authors [13,41-43] have linked the
binding energy (BE) at around 397.3 eV on the Cu-ZrN to an N3- chemical state, corresponding to
the Zr-N bond, which was also confirmed in the Zr 3d spectra (Figure 7a). The peak at ~399.68 eV
(O-N4gp) could also be interpreted as an oxynitride present in the coatings with higher amount of
oxygen (oxygen-rich oxynitride) [41,44]. The Cu-ZrN sample showed two peaks of oxynitrides, the
peaks at ~399.68 eV and ~395.76 eV, which correspond to oxygen-rich and nitrogen-rich Zr(O)N
species, respectively. Finally, according with Wiame et al. [43], the peak at ~403.17 eV (N,) is
attributed to nitrogen which is dissolved in the film.

As was expected, after activation the Cu-ZrN core levels suffered a slight variation in intensities in
the presence of an oxygen rich surface (figure 6¢). The activation/oxidation promotes an increase
on the N-O400/N-O3g6 intensity ratio as well as on the N, peak. These tendencies suggest a

breakdown of the rich-nitrogen species (Zr-N) into compounds with higher oxygen amounts



(Zr(O,N)), which is aligned with a nitrogen replacement by oxygen into the ZrN network in
agreement with Signore et al. [11]. The Cu-ZrON-DC100 initially showed a peak corresponding
with nitrogen-rich oxynitrides (figure 6b) but after activation, rich-oxygen oxynitride and dissolved
N, peaks appear together with a weakening of the existent peak (figure 6d). This phenomenon may
be explained based on the obtained results in XRD and EDS, together with the phase diagrams of
Zr with O and N. The Zr has a preferential chemical affinity with O, facilitating the formation of
oxynitrides in both Cu-ZrN and Cu-ZrON-DC100 films.

The Cu-ZrON-DC100 displayed a single peak that shows the presence of rich-nitrogen oxynitride.
The XRD results showed a preferential ZrO, formation in the film but it did not show any nitrogen-
associated structure (oxynitrides). This is coherent with the O-Zr phase diagram, where a 2-x:1
ratio is needed to form Zirconium Oxide (where x must be < 0.44). Chemical analysis reported a
~1.5:1 ratio which suggests that Cu-ZrON-DC100 could be present in the transition zone between
Zr and ZrO, [45]. Also, EDS results showed that the N/Zr ratio in Cu-ZrON-DC100 is 0.7:1, that it
is not enough to form ZrN according to the N-Zr phase diagram (0.8 - 1:1 N/Zr ratio) [46].
Apparently, at the structure of the coating ZrO, was preferentially formed (Figure 5b). However,
Zr(O)N species with the remaining Zr and available N were also formed, which was poorly oxidized
by the residual oxygen. Through XRD, Mishima et al. [47] observed the transition from ZrO, to
Zr;0gN,4 (oxygen-rich oxynitride) and finally to Zr,ON, (nitrogen-rich oxynitride) when performing
the nitridation reaction with NH;. This allows us to identify the probable species involved on the
reduction-oxidation mechanism of ZrN to ZrO,. Our results may suggest the presence of Zr,ON,
on the Cu-ZrON-DC100 surface, which was possible to observe in the XRD analysis of the Cu-
ZrON-DC40 sample (figure 3c).

The Zr 3d spectra displayed two main peaks at ~182.08 eV and ~184.48 eV, which corresponds to
the common doublet reported for this material, 5/2 and 3/2 spin-orbit levels, respectively (figure 7).
In comparison to other literature, the BE difference between these levels (AEs,) is 2.43 eV, is very
close to our measurements (2.40 eV). Some authors [13,43] reported the BE at 182 eV to ZrO,,
but based on the N 1s spectra (figure 6), it is more probable that this peak corresponds to zirconium
oxynitrides (labelled as Zr(O,N)) in all coatings as reported by Milosev et al. [41]. Also, a small peak
was detected exclusively in the Cu-ZrN films at ~180.25 eV. This peak corresponds to the ZrN
bonding, and is coherent with the N 1s spectra analysis [41,43,48]. After activation, the samples
did not display any significant change in intensity or shifting in binding energies.

Other important information was revealed by O 1s spectra (figure 8). Itis possible to fit a main peak

at ~529.92 eV with a shoulder at ~531.38 eV in all films. The main peak was associated to 0%



because this BE is commonly associated with transition metal oxides and is difficult to differentiate
if oxygen is bonded to Zr or Cu (this will be discussed later in the Cu 2p core level). However, this
peak confirms the presence of reacting species in the oxynitride peaks observed in the N 1s and
Zr 3d spectra and is related with the presence of ZrO, [11,41-43]. Further, the detected “shoulder”
could be related to transitional hydroxides as was reported by Platzmann et al. [49]. According to
these authors, the BE at ~531.7 eV corresponds to Cu(OH), and OH- species [49]. Biesinger [50],
showed the O 1s BE’s of copper oxides at environmental conditions and identified the Cu(OH), at
~531.24 eV and Cu,0 at ~531.57 eV, which is a quite well accepted scenario closer to our films,
where the detected BE is at an intermediate point of these values.

After activation, coatings displayed an additional peak at ~532.06 eV, which could be interpreted
as the binding energy corresponding with an OH- bond, as was expected in the treated samples
[43,49,51]. The Cu-ZrN showed a shrinking in O% peak after activation in contrast to the activated
Cu-ZrON-DC100, where the O% peak maintained its intensity.

However, if this were the scenario, somehow after the Cu oxidation procedure (activation process),
this shoulder would increase in comparison to the main peak, and this was not sighted in our results
(compare Figure 8a with figure 8c or compare Figure 8b and 8d). For the moment, this peak will be
labelled as Me (O,0OH) until new statements with the Cu 2p spectra are confirmed (Figure 9).

The Cu 2p spectra of selected samples are present in Figure 9. All the samples displayed the Cu?*
satellite peaks at approximately ~943 eV and their respective spin-orbit components (at Cu 2p1/2
position) with AEg;, ~19.82 eV [49,50]. Additionally, almost all coatings displayed two peaks at
~932.58 eV and ~934.39 eV except on the activated Cu-ZrON-DC100. According to Platzmann et
al. [49], the Cu 2p3/2 peak at ~932.50 eV is related to a mixture of Cu and Cu,O bonding species.
This overlapping is supported by other authors [50,52]. On the other hand, the peak at 934.39 eV
could be linked with the Cu(OH), compound [53]. This compound is common in samples with Cu
exposed to ambient conditions at short times [49] and confirms the hydration previously seen in O
1s spectra. The activated Cu-ZrON-DC100 showed a determinant change with the appearance of
a pronounced peak at 934.00 eV (figure 9d). This binding energy is broadly linked in other literature
as the CuO compound [49,50,52,54]. It is possible that other species such as Cu(OH), and Cu,O
have some contribution to this peak according to what was displayed in the O 1s spectra (figure
8d), although it is difficult to determine their contribution clearly. The presence of this peak confirms
the X-Ray diffraction results where Cu-ZrN and Cu-ZrN (A) samples displayed a breakdown of ZrN
to zirconium oxynitrides (figure 5a). Additionally, the Cu-ZrON-DC100 and Cu-ZrON-DC100 (A)

samples exhibited a rearrangement of oxygen to form CugO and CuO (Figure 5b). As deposited



the Cu-ZrON-DC100 was saturated with oxygen. An additional exposure to a sodium hypochlorite
solution enabled the O?% ions to react with the Cu present in the coating.

During the activation process, O% ions promoted the weakling of rich nitrogen species in the Cu-
ZrN film, which was confirmed by the rise in the intensity of the oxynitride peaks. Otherwise, the
Cu-ZrON-DC100 did not show any ZrN structure on the surface and the O? ions reacted directly
with other available transition metal in the film structure, in this case, with the Cu elements.
Apparently, the capability to catch oxygen species from the Cu-ZrON-DC100 sample was
influenced by a nitrogen-rich oxynitride present after the deposition process. After activation, this
oxynitride evolved into an oxygen-rich oxynitride and appeared in the N, phase, which denotes
stability in superficial oxidation. The incapability of the Cu-ZrON-DC100 to catch more oxygen
promotes the formation of copper oxides at the CuO phase. According to the obtained results, the
copper reacted as proposed by Huang et al. [55]. The proposed stages that pass-via Cu in Zr(O)N
matrix in the present study are:

(1) Copper hydration metastable phase formation. According with Platzmann et al. [49], this
hydration depends on the concentration of OH- ions available in reacting media. In our case,
hydroxyl ions came from an NaOCI commercial solution, used for the activation process. Also,
some hydroxyl groups are available from moisture in the air, which could influence the
presence of this compound in coatings without any additional treatment. At this stage, the
reaction would be:

2Cu* (aq) + NaClO (aq)—Cuy0(s) + NaCl(aq) (1)

Cu,0 (s) + NaClO(aq) + 2H,0(l) =»2Cu(OH),(s) + NaCl(aq) (2)

(2) Transformation in the CuO stable phase from metastable Cu(OH),. In relation to this last
stage, some authors have described that the reaction happens quickly under ambient

conditions and with aqueous media [49,55,56].

Cu(OH),(s)—Cu0 (s) + H,0() (3)

3.4. Effect of oxygen and copper addition on the appearance of Zr(O)N films

Figure 10a displays the obtained colours varying the oxygen content for Cu-doped and undoped
ZrN samples. Colour was assessed by spectrophotometry according to the 1976 CIEL*a*b* colour
space. With regard to the Zr(O)N system, the colour varied from pale yellow in a sub-stoichiometric

composition and reached a bright golden tone with a small inclusion of oxygen (ZrON-DC20). When



oxygen starts to replace nitrogen inside the film to form ZrO,, this turns from a ‘reddish’ brown
(ZrON-DC40) into a dark ‘bluish’ tone (ZrON-DC80). In fact, this colour variation was reported by
several authors [10,16,57,58]. In the Cu-Zr(O)N system, the base colour started at an ochre or dark
golden tone and with the increase of the oxygen content, the film colour changed from purple, to
‘bluish’ grey and after to black. It is important to emphasize that with a small amount of copper
(always less than 11 at. %), the colour pallet suffered a significant shift in the luminosity parameter.
The undoped system had L* values between ~45 and ~75, while the doped system had L* values
~25 to ~50 (Figure 10 b and c). Additionally, the faster replacement of nitrogen by oxygen inside
the films in the Cu-Zr(O)N coatings promoted the formation of darker tones, which are quite
interesting tones for different markets. Some authors have reported that the oxygen inclusion in
oxynitrides with a transitional metal turned the base colour into ‘bluish’ tones with low luminosity
[15,38,58]. Also, the presence of Cu in the coating structure promotes faster oxygen incorporation
due the decrease on the Zr content.

3.5. Antibacterial tests

Samples were biologically tested according to aforementioned specifications. The choice of this
strain - Staphylococcus epidermidis - is related to the applicability of the developed materials, since
this microorganism colonizes the skin, which, because of exposure to hands, is in direct contact
with decorative and aesthetic materials.

As expected, undoped systems did not show any effect against S. epidermidis (Figure 11a). In
relation to the doped films, initially the halo test revealed that no sample presented antibacterial
properties, since none showed an inhibition zone (clean zone around the sample without bacteria)
(see figure S1). This was true even for samples with a high copper content. However, since copper
is described as being widely used as an antibacterial agent [59,60] and since all samples had an
important copper content in an amorphous form, we decided to perform an activation of copper with
a commercial solution of sodium hypochlorite (NaClO) at 5% (w / v). In fact, this activation worked
but only with the Cu-ZrON-DC100 sample, which presented a clear halo around itself after the
activation process, as showed in the figure 11b. Through the SEM images obtained after the halo
test, it is also possible to see the total absence of bacteria on the surface of this sample (figure 11b
(1)), while the sample Cu-ZrN (A) (figure 11a (i)) shows a vast bacterial colonization.

In an attempt to better understand the role of this activation and the reason behind it only being
effective in one sample, XRD, XPS and ICP were performed. As mentioned previously, XRD results
showed that only the Cu-ZrON-DC100 (A) sample displayed Cu in an oxide form (figure 5b), which

contributes to promote the formation of antibacterial agents with copper as CuO [21,22,39].



Moreover, XPS results confirmed the CuO presence on the Cu-ZrON-DC100 (A) sample surface
(figure 9d). As expected, ICP results (figure 12) showed a higher Cu?* release in the Cu-ZrN sample
(740 ppb) than in the Cu-ZrON-DC100 sample (351 ppb), since the latter has a lower copper
content (7 at.%) than the Cu-ZrN sample (11 at.%). Nevertheless, after activation both samples
displayed a decrease in ion release. This behaviour may be explained based on the XPS results.
The presence of CuO in the Cu-ZrON-DC100 (A) may explain the lower Cu?* ions release in the
NaCl solution, which was the electrolyte used in the ICP analysis. In this sense, the antibacterial
activity in these types of coatings can mainly be caused by the CuO species. In fact, pure copper
and copper oxide films were tested under the same conditions used for the Cu-Zr(O)N films, in
order to verify antibacterial activity. Results showed a stronger antibacterial effect (higher inhibition
halo) against S. epidermidis with the increase of oxygen content in the coating (see figure S2).

4. Conclusion

Zr(O)N and Cu-Zr(O)N coatings were obtained with different oxygen flows within duty cycle
programmable pulse control by reactive magnetron sputtering with a wide range of colours, from
golden to black tones. In relation to the chemical composition and crystal structure, Cu presence
in Zr(O)N matrix was amorphous. After chemical activation, Cu rearranged into crystal oxides
species. XPS analysis reported the presence of Cu, Cu,O and Cu(OH), in Cu-Zr(O)N, but in the
Cu-ZrON-DC100 (A) sample, only CuO was detected. In fact, this is critical for antibacterial
behaviour, since the Cu-ZrON-DC100 (A) was the only sample that possessed this feature.
According to the ICP-OES results, Cu?* ions release did not have influence on the antibacterial
activity of the Cu-ZrON-DC100 (A). The formation of the CuO phase was crucial and it was only
obtained after activation. The developed films could be a solution to combine aesthetical and
antibacterial properties with a sustainable and low-cost element such as copper.
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Figure 1. EDS patterns from (a) Zri, () ZroN-DC80(8), () Cu-ZrN and (d) Cu-

ZroN-DC 100 coatings.



Figure 2. SEM-EDS Elemental mapping abtained from Cu-ZrON-0C 100 sample
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Figure 3. XRD patterns from undoped (a) and doped (&) films and deconvolution of
peaks of Cu-ZrON-DC40 sample (a dotted rectangle in (b)) (c).
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Figure 4. Grainsize of ZrfQIN (left) and Cu-ZriQ)N (right) calculated from XRD diffractograms (figure 3)
applving Scherrer formula.
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Figure 3. XRD diffractograms of Cu-ZriN (a) and Cu-ZrON-DC 100 (b} coatings before and after activation
(samples labeled with (A)).
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Figure 6. XP5 spectra at N 15 level from studied samples before and after NaQOCl treatiment. (a) Cu-Zri, (B) Cu-
ZrON-DC100, (¢} Cu-Zri {4) and, (d) Cu-ZrON-DC 100 (A).



Journal Pre-proofs

a b
) U2 ) Cu-ZrONDC100
Frda FE ] ! T o " !
Falell]
% :
v " 1 N [ 1 "w 75 11.
Binding Ersrgy (0V) Binging Enesgy (0V)

Figure 7. XP3 spectra at £r 3d level from studied samples. (a) Cu-Zri, (B) Cu-ZroN-DC 100,
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Figure 8 XPS spectra at O 15 level from studied samples before and after MaOCl treatiment. (a) Cu-Zri, (B) Cu-ZrOMN-
DCA00, (c) Cu-ZrN (A) and, (d) Cu-ZrON-DC 100 (A).
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Figure 8. XPS spectra at Cu 2p level from studied samples before and after activation. (a) Cu-Zri, (b)
Cu-ZrON-DC100, (c) Cu-Zri (A) and (d) Cu-ZrON-DC100 {A).
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Figure 10. Obtained colours of all coatings according with non-metallicimetallic components ratio; a) colour

chart, &) colorimetric parameters of undoped films and ¢) doped films.



Figure 11. Halo test performed in Cu-Zriv (A) (a) and Cu-ZrON-DC100 {A) (b) coatings on S3316L
substrates. afi) and b{il SEM images after halo test of Cu-Zriv (A) and Cu-ZrON-DC100 (4],
respectively.
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Figure 12. Cu** release along time determined by ICP-0ES analysis.
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