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Abstract

:

In this study, zinc is anodized at different voltages in 0.1 mol·dm−3 KOH electrolyte to form nanoporous anodic films. Dark-colored anodic films are formed at anodizing voltages ≤6 V, whereas colorless anodic films are developed at voltages ≥7 V. The anodic films formed at all voltages consist of crystalline ZnO, which was identified by X-ray diffraction and Raman spectroscopy. The Raman spectra of the dark-colored anodic films show the enhanced intensity of the LO phonon mode due to electric-field-induced Raman scattering, which may be associated with the presence of metallic Zn nanoparticles in the anodic films. Scanning electron micrographs and transmission electron micrographs of the cross-section of the dark-colored anodized zinc reveal the formation of two-layer porous anodic films with a highly rough metal/film interface. In contrast, nanoporous anodic films of uniform thickness with a relatively flat metal/film interface are formed for the colorless anodized zinc. The transmission electron microscopy (TEM)/energy dispersive X-ray spectroscopy (EDS) analysis suggested the presence of zinc nanoparticles in the dark-colored anodic films. The non-uniform anodizing and the formation of metal-nanoparticle-dispersed porous anodic films cause the formation of dark-colored anodic films on zinc.
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1. Introduction


Anodizing is an electrochemical process that forms nanostructured oxide surface films on a range of metals. A typical and well-known example is the formation of self-ordered porous anodic films on aluminum [1,2]. Anodized aluminum and aluminum alloys have been widely used for corrosion protection, wear resistance, and decoration of surfaces [3,4]. In the last two decades, nanotubular anodic films formed on titanium have been extensively investigated for the fundamental understanding of the evolution mechanism of nanotube morphology and for many promising applications, including photocatalysis, solar cells, self-cleaning, and biomedical implants [5,6,7]. Anodizing techniques to form nanostructured surfaces have been extended to a range of metals in the last two decades, such as iron [8,9,10], cobalt [11], nickel [12,13], zinc [14], zirconium [15], niobium [16], and tantalum [17]. Utilizing organic electrolytes such as ethylene glycol and glycerol, containing fluoride and a small amount of water is one of the keys to form thick self-ordered nanoporous or nanotubular anodic films on a wide range of metals. The anodic films formed in such fluoride-containing organic electrolytes often consist of oxyfluoride or fluoride; however, those can be converted to chemically stable oxides by thermal treatment, mostly in air atmosphere.



The growth of the self-ordered porous anodic films is associated with the field-assisted flow of the film material from the pore base to the pore wall [18,19,20]. The stress generated due to the film growth induces the flow of the film material [21,22]. However, the growth mechanism is dependent on the anodizing conditions, particularly, the anodizing electrolyte [23]. It was reported that the field-assisted flow is predominant for the porous anodic film growth on aluminum in sulfuric acid, oxalic acid, and phosphoric acid [20,24], whereas a field-assisted dissolution mechanism is predominant for the formation of porous anodic films in chromic acid and borax electrolytes [25,26]. Thus, the anodizing electrolyte plays an important role in the growth of porous anodic films.



Zinc has been anodized in several electrolytes. The porous anodic films were formed on zinc in an oxalic acid electrolyte [27,28]. The porous ZnO films showed superior performance as a methane sensor [27,29]. The formation of nanoporous anodic ZnO films was also reported in NaOH electrolytes [30,31]. In addition to nanoporous structures, several nanostructured anodic films have been reported. For instance, self-assembled stripe arrays of zinc oxide were developed in an ethanolic H2SO4 electrolyte [32]. ZnO films consisting of bundles of nanowires were obtained in an NH4F electrolyte. He et al. reported the variation of the nanostructures of the anodic films, such as nanodots, nanowires, and nanoflowers, formed on zinc in ethanol–water mixed electrolytes containing HF, depending on the electrolyte composition and anodizing voltage. The electrolytes of bicarbonate are useful for forming anodic nanowire films on zinc [33,34,35,36,37,38,39,40]. The as-anodized nanowires are composed of basic zinc carbonate; however, they can be converted to crystalline ZnO after annealing above 200 °C [33]. ZnO is a widegap n-type semiconductor and has many promising applications, including in photocatalysis, sensors, and solar cells. Thus, anodizing is a simple and cost-effective process to form nanostructured ZnO surface films on zinc and zinc-coated steels for many potential and specific applications.



The color of anodized metals is of interest for practical applications. In fact, the coloring of anodized aluminum and its alloys has been commercially utilized. Recently, dark coloring of zinc was reported by anodizing in alkaline electrolytes such as Na2CO3 or NaOH [41,42]. The oxide formed was crystalline ZnO, and ZnO is known to be transparent. Thus, the mechanism of the coloring of anodized zinc is still unclear. Since zinc has been widely used as zinc-coated steels, the coloring of zinc is of practical importance for decoration. In addition, unusual dark coloring by anodizing of zinc is of scientific interest. In the present study, zinc was anodized at various voltages in 0.1 mol·dm−3 KOH electrolyte to determine the anodizing conditions for coloring. The colored anodized zinc specimens were characterized using scanning electron microscopy (SEM), scanning transmission electron microscopy (STEM)-energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and Raman spectroscopy. The coloring mechanism is discussed based on the characterization results.




2. Materials and Methods


A high-purity (99.99%) zinc plate (Nilaco Corporation, Tokyo, Japan) of 1.0 mm thickness was used in this study. Prior to anodizing, the zinc plate was electropolished at 20 V in 30 vol% H3PO4-ethanol electrolyte at <5 °C for 5 min. The electropolished zinc plate was anodized at several voltages between 3 and 15 V in 0.1 mol·dm−3 KOH electrolyte at 25 °C for 30 min. A two-electrode cell with a Pt counter electrode was used for anodizing, and a constant voltage was applied using a DC power supply (Kikusui Electronics, Kanagawa, Japan, PAS-80-9). The current transient was monitored using a digital multimeter (Agilent Technologies, Santa Clara, CA, USA, 34460A) and recorded on a PC using a software (Agilent Technologies, Santa Clara, CA, USA, Agilent VEE Pro). After anodizing, the anodized specimen was washed with Milli-Q water and dried in the air.



The surface and cross-section of the anodized specimens were observed using a field-emission scanning electron microscope (Zeiss, Jena, Germany, Sigma-500), operated at 1.5 kV, with Everhart–Thornley and in-lens secondary electron (SE) and backscattered electron (BSE) detectors. Furthermore, the cross-section of the specimens was observed using an atom-resolution scanning transmission electron microscope (JEOL, Tokyo, Japan, JEM-ARM200F) equipped with EDS facilities and operated at 200 kV. The electron-transparent sections were prepared using an ultramicrotomy technique.



Phases in the anodized specimens were identified by X-ray diffraction measurements (Rigaku, Tokyo, Japan, RINT-2200) with Cu Kα radiation (λ = 0.15418 nm) in the α-2θ mode (α = 2°). The Raman spectra of the anodized specimens were also measured using a 532-nm laser (Horiba, Tokyo, Japan, XploRA).




3. Results and Discussion


3.1. Anodizing Characteristics


Figure 1a shows the current transients of zinc during anodizing at different voltages in the KOH electrolyte for 30 min. At voltages ≤6 V, a relatively small change in current was observed after anodizing for 300 s. However, the current decreased gradually at voltages ≥7 V. The steady-state current density increased with increasing anodizing voltage up to 6 V; however, for anodizing voltages ≥7 V, the final current densities after anodizing for 30 min were similar. Thus, the current transients changed between 6 and 7 V. The voltage dependence of the final current density is plotted in Figure 1b. The i–V curve shows an active–passive transition-type behavior, and the current peak appears at 6 V, above which the current density is significantly reduced and became almost voltage -independent. In anodizing of aluminum, the voltage dependence of the anodizing current density changes with the anodizing electrolyte [43]. For instance, the current density increases with increasing the anodizing voltage in sulfuric acid and oxalic acid electrolytes, in which self-ordered nanoporous anodic alumina films are developed [20,24]. In contrast, an almost steady-state current is observed in a wide range of anodizing voltages in chromic acid, borax, and ammonium pentaborate electrolytes, in which a less-ordered porous structure is developed [25,26]. The two different voltage dependencies of the current may be related to the mechanism of film growth because the field-assisted flow is observed in sulfuric acid and oxalic acid, whereas the field-assisted dissolution mechanism for porous film formation or barrier-type film growth is predominant in the latter electrolytes. In the present anodizing of zinc in KOH electrolyte, it is likely that the growth mechanism may change at anodizing voltages between 6 and 7 V. In correlation with this, the color of the anodized zinc is also dependent on the anodizing voltage; dark-colored specimens were obtained up to 6 V, whereas the specimens anodized at voltages ≥7 V were practically colorless (Figure 1c).




3.2. Characterization of the Anodic Films


The anodic films formed at all voltages are crystalline. The XRD patterns of the anodized specimens (Figure 2a) reveal reflections corresponding to wurtzite-type ZnO. The reflections of the zinc substrate were also observed for all the specimens; however, their intensities were significantly reduced at voltages ≥7 V, as a consequence of the formation of thick anodic films at such high voltages, which was confirmed by the cross-section observations. The changes in the grain size and the lattice spacing of the (002) plane of ZnO with respect to the anodizing voltage are summarized in Table 1. The size of the ZnO crystals decreased with increasing anodizing voltage, particularly above 6 V; however, the (002) lattice spacing remained almost unchanged at all anodizing voltages. It was reported that the lattice parameter c increases slightly with the introduction of oxygen vacancies [44]. It has been often discussed that the introduction of oxygen vacancies causes dark coloring of ZnO films [41]. The similarity of the (002) lattice spacing at all anodizing voltages in this study suggests the little introduction of oxygen vacancies in the anodic films on zinc. Thus, dark coloring may not be related to the introduction of oxygen vacancies in the present study.



Raman spectroscopy was also utilized to obtain the structural information of the anodic films. Figure 2b shows the Raman spectra of the zinc specimens anodized at different voltages. All the observed peaks are assigned to wurtzite-type ZnO; however, the relative intensity of each peak changes between 6 and 7 V. The most intense peak at 550 cm−1 for the specimens anodized at voltages up to 6 V is assigned to the band of the LO mode of ZnO, and the peak at 410 cm−1 is the E1(TO) band [44]. The peak at ~220 cm−1 appears for specimens anodized at voltages up to 6 V, which is the overtone of the E2low mode. This peak was not detected clearly at voltages ≥7 V. A shoulder peak at ~320 cm−1 is the combination of E2high–E2low [44]. The Raman peak intensities were significantly reduced at voltages ≥7 V as compared to those at anodizing voltages up to 6 V. The most intense peak also changes to the E1(TO) band at 408 cm−1 (Figure 2c) at voltages ≥7 V. It has been reported that a marked enhancement of the LO band occurs when oxygen vacancies are present in ZnO [44]. The LO band was also enhanced when the ZnO/Zn composite films were developed by the incomplete oxidation of zinc [45]. The Zn/ZnO core–shell nanoparticles also showed enhanced LO band intensity [46]. The results of the XRD patterns (Table 1) indicate a small change in the lattice spacing with respect to the anodizing voltage; therefore, it is likely that the enhanced LO bands of the Raman spectra obtained at voltages ≤6 V may be associated to the presence of the metallic zinc in the anodic films, not by the introduction of oxygen vacancies.



The film morphology was examined using surface SEM. Figure 3 shows scanning electron micrographs of the surface of anodized zinc at different voltages. Granular porous films are formed at voltages ≤6 V and the size of the particles is 15–40 nm. Anodic films with lower porosity and smaller particle size were obtained at anodizing voltages ≥7 V. Figure S1 shows the change in the surface morphology with respect to anodizing time at an anodizing voltage of 5 V. A granular film is formed even at a short anodizing time of 30 s, and the size of the particles increased with time. In addition, the surface roughened with increasing anodizing time. The formation of similar granular porous films was also reported previously by anodizing of zinc in 0.1 mol·dm−3 NaOH electrolyte [31].



Figure 4 shows the cross-sectional scanning electron micrographs of the anodic films formed at the anodizing voltages of 5 and 15 V for 30 min. Several characteristic differences in these two anodic films are observed. The thickness of the anodic film formed at 5 V is ~1.1 μm, which is only about one-fifth of that of the film formed at 15 V. The electric charges passed during anodizing were 26.9 and 35.0 C·cm−2 at 5 and 15 V, respectively, thus revealing a relatively small influence of the anodizing voltage on the electric charge. The formation of a thicker film at 15 V as compared to that at 5 V despite similar electric charges during anodizing indicates significantly efficient film formation at 15 V. This may be correlated with the current transients shown in Figure 1. The dissolution of zinc appears to be predominant at anodizing voltages ≤6 V, where the current density increases with the increasing anodizing voltage. In contrast, at anodizing voltages ≥7 V, the anodizing current reduced with increasing anodizing time and became almost independent of the anodizing voltage. Thickening of the barrier layer with increasing time and formation voltage probably led to such time and voltage dependence of the anodic current. The presence of such a barrier layer impedes the dissolution of zinc and promotes film formation. The lower porosity of the anodic film formed at 15 V (Figure 4e) compared to that at 5 V (Figure 4a) is also possibly related to the enhanced efficiency of film formation. Thus, thicker and less-porous anodic films are developed at 15 V in comparison with that formed at 5 V.



Another important difference is the morphology of a metal/film interface. The anodic film formed at 15 V has a flat metal/film interface (Figure 4c–f). Such an interface is often developed during anodizing of aluminum [47]. In this case, a uniform barrier layer is developed between the metal substrate and the electrolyte or a porous layer, and the uniformity of the electric field applied in the barrier layer determines the oxidation rate of the zinc substrate constant on the entire metal surface. In contrast, an unusual metal/film interface is developed at 5 V, at which the interface is rather rough, although the film surface is relatively flat (Figure 4a,b). The development of a highly rough metal/film interface is associated with the non-uniform oxidation of the zinc substrate at the interface, which may be related to the absence of a sufficient barrier in the anodic film. During the growth of both the barrier-type and porous-type anodic films on aluminum, the thickness of the barrier layer increases linearly with the anodizing voltage [48]. The rate of the film growth is controlled by the ionic transport in the barrier layer under a high electric field of 106–107 V·cm−1 [49]. In the present anodizing conditions at voltages ≤6 V, an anodic film that can uniformly sustain a high electric field may not be formed, thus leading to a local increase in the ionic current and non-uniform oxidation of the zinc substrate. The large increase in the anodic current density with the increasing anodizing voltage (≤6 V) (Figure 1b) is also another indirect evidence of the absence of a sufficient barrier in the anodic films.



Further detailed structural and compositional characterizations were performed using TEM/EDS analysis. Figure 5a shows the transmission electron micrograph of an ultramicrotomed section of zinc anodized at 5 V. Indeed, a two-layer anodic film with an outer layer having higher porosity is developed on the zinc substrate. The thickness of the outer layer is approximately 300–400 nm, and the outer layer corresponds to the region above the dashed line shown in Figure 4a. The selected-area electron diffraction (SAED) pattern revealed the presence of wurtzite ZnO (Figure 5b), which is in agreement with the Raman spectroscopy and XRD results (Figure 2). No additional phase was resolved in this region. The thickness of the remaining inner layer of the anodic film was comparable to that of the outer layer. The SAED pattern of this region (Figure 5c) revealed the presence of a metallic zinc phase in addition to the wurtzite-type ZnO. Metallic zinc nanoparticles should be dispersed in the inner layer of the anodic film formed at 5 V, showing a metallic zinc phase in the SAED pattern. Figure S2 shows the transmission electron micrograph of an ultramicrotomed section of zinc anodized at 15 V for 300 s. The short anodizing time was selected for TEM observation because the sectioning of the anodic films as thick as ~6 μm is rather difficult by ultramicrotomy. An anodic film of ~1.5 μm thickness was developed with a flat metal/film interface. A crack penetrating the metal substrate was present in the anodic film, and this may have formed during the ultramicrotomed sectioning and not during the anodizing. The film appeared to be porous, and a higher-porosity region was found in its outer part, which was possibly formed by a dissolution–precipitation mechanism, i.e., dissolution of zinc as Zn(OH)42− species followed by its precipitation as ZnO [50]. Because of the higher growth efficiency at this anodizing voltage compared to that at 5 V, the remaining inner part of the film can be directly formed at the metal/film interface, as in the case of the anodizing of aluminum in acid electrolytes. The SAED pattern shown in the inset reveals that only wurtzite-type ZnO is present in the anodic film formed at 15 V. Similar SAED patterns were obtained for the other regions of the anodic film. No metallic zinc phase was present in the anodic film formed at this voltage.



The compositions of the anodic films formed at 5 and 15 V were also examined by EDS. The scanning transmission electron micrograph of zinc anodized at 5 V is shown in Figure 6a, and the respective zinc and oxygen elemental maps are shown in Figure 6b,c, respectively. The intensities of both zinc and oxygen in the inner layer are higher than those in the outer layer, probably reflecting the higher porosity (lower density) of the outer layer. The distribution of zinc in the anodic film, particularly in the inner layer, was not uniform, and the high-intensity regions of zinc in the inner layer appeared dark, as shown in Figure 6a. Considering the distribution of oxygen in the inner layer, the intensity of oxygen did not clearly increase in the high-intensity regions of zinc. Thus, the different distributions of zinc and oxygen in the anodic film indicate that the zinc nanoparticles, probably those mainly located in the darker regions of the anodic film shown in Figure 6a, are dispersed in the ZnO-base anodic film. In contrast, similar distributions of zinc and oxygen are observed in the anodic films formed at 15 V (Figure 6d–f). The anodic film formed at 5 V contained the dispersed zinc nanoparticles; however, the nanoparticles were not present in the film formed at 15 V. Quantitative EDS point analysis of the regions shown in Figure S3 was also performed, and the oxygen content at each square region is shown in the figure. Compared to the oxygen content in the anodic film formed at 15 V, the oxygen content in the anodic film formed at 5 V was rather low, particularly in the regions with darker appearance. Even in the outer part of the anodic film formed at 5 V, the oxygen content is low compared to that at 15 V. Thus, zinc nanoparticles may also be present in the outer part of the film formed at 5 V.




3.3. Mechanism of Dark Coloring


Chen et al. reported the formation of colored anodic films on zinc by electrochemical treatments in the Na2CO3 electrolyte [42]. Anodically oxidized zinc showed a light-gray appearance and a much darker color was obtained after the subsequent electrochemical reduction treatment. They suggested the presence of inter-gap states that absorb visible light and influence the optical appearance. The formation of zinc nanoplates was proposed by the authors after electrochemical reduction, although this was not directly confirmed.



Recently, Mika et al. reported dark nanoporous anodic films formed on zinc in the NaOH electrolyte [41]. The dark-colored films were directly formed at 2 and 4 V. The resultant anodic films consisted of crystalline ZnO, which was highly defective with a large number of oxygen vacancies and zinc interstitials. They concluded that the dark color is associated with the existence of additional electronic states deep in the ZnO bandgap.



In the present study, nanoporous anodic films were formed at different voltages (≤15 V), and dark-colored zinc was obtained only at anodizing voltages ≤6 V. For these voltages, the current density increased with increasing anodizing voltage. Similar XRD patterns were obtained regardless of the anodizing voltage, and the (002) lattice spacing of the wurtzite ZnO was independent of the anodizing voltage (Table 1). The size of the ZnO crystallite is slightly larger at lower anodizing voltages than that at 15 V. Therefore, it is difficult to say that the coloring only at low anodizing voltages is associated with the deficiency of ZnO, because the deficiency-induced change in the lattice parameter is not observed in this study. The deficiency of ZnO has been often discussed as a reason for the dark coloring of ZnO [41], but another mechanism needs to be considered for the formation of dark-colored zinc. Significant anodizing voltage dependence is observed by SEM and TEM/EDS characterizations. A highly rough metal/film interface was developed at voltages ≤6 V in contrast to the flat interface developed at voltages ≥7 V. Metallic zinc nanoparticles dispersed in the anodic film only in the colored zinc specimen. Based on the findings of this study, we suggest that dark coloring occurs as a consequence of the dispersion of the zinc metal nanoparticles in the anodic film along with the formation of a highly rough metal/film interface. Under such a film morphology, visible light is confined within the anodic film and the dark coloring of the anodized zinc occurs.



Figure 7a shows a schematic illustration of the growth of the anodic film on zinc at voltages ≤6 V. At these anodizing voltages, non-uniform oxidation of zinc occurs, thus resulting in the roughening of the metal/film interface. A granular porous film may be formed by the dissolution of zinc as Zn(OH)42− species followed by the precipitation of ZnO [50]. The non-uniform oxidation of zinc induces the development of highly rough metal/film interface, causing the incorporation of zinc metal nanoparticles, probably at the convexity of the rough interface, into the anodic film without oxidation. In contrast, a barrier layer that can sustain a high electric field strength is formed between the metal substrate and the porous layer at voltages ≥7 V (Figure 7b), thus leading to a reduction in the current density to lower than that at 6 V, although the barrier layer was not directly observed by SEM and TEM. Because of the presence of the barrier layer, a flat metal/film interface was developed and the film-formation efficiency was significantly enhanced. Thus, a major part of the porous layer may be formed directly without the dissolution of zinc species. Only the outer part of the film with higher porosity is likely to be formed by the dissolution/precipitation mechanism.



Findings in this study disclose the unique morphology of porous anodic films on zinc formed in KOH electrolyte at ≤6 V, at which dark-colored zinc is developed. Anodizing is a simple electrochemical process to form a range of nanostructured oxide films on metals. Porous metal oxide films containing dispersed metal nanoparticles, found in this study, may have potential applications, including photocatalysis and sensors, as well as coloring of metal surfaces.





4. Conclusions


Through anodization of zinc at anodizing voltages up to 15 V in 0.1 mol·dm−3 KOH electrolyte and characterizations of the resultant anodic films, the following conclusions are drawn:




	
Dark-colored anodic films were formed at voltages ≤6 V, where the steady-state current density increased with voltages. In contrast, the current density was almost independent of the anodizing voltage at ≥7 V, and colorless anodic films are developed.



	
Porous anodic films developed at all the anodizing voltages were examined. The formation efficiency of the anodic films at high voltages was higher than that of the dark-colored anodic films.



	
The dark-colored anodic films had a two-layer morphology and contained dispersed metallic zinc nanoparticles with a highly rough metal/film interface. Such a unique morphology is the primary reason for the dark coloring.
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Figure 1. (a) Current transients of zinc during anodizing at different voltages in 0.1 mol·dm−3 KOH electrolyte at 20 °C for 30 min, (b) change in the final current density with anodizing voltage, and (c) digital camera images of the specimens anodized at several voltages for 30 min. 
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Figure 2. (a) X-ray diffraction (XRD) patterns and (b) Raman spectra of zinc anodized at different voltages in 0.1 mol·dm−3 KOH electrolyte at 20 °C for 30 min, and (c) enlarged Raman spectrum of zinc anodized at 15 V. 






Figure 2. (a) X-ray diffraction (XRD) patterns and (b) Raman spectra of zinc anodized at different voltages in 0.1 mol·dm−3 KOH electrolyte at 20 °C for 30 min, and (c) enlarged Raman spectrum of zinc anodized at 15 V.



[image: Coatings 10 01014 g002]







[image: Coatings 10 01014 g003 550] 





Figure 3. Scanning electron micrographs of the surfaces of the anodic films formed on zinc at (a) 4 V, (b) 5 V, (c) 6 V, (d) 7 V, (e) 8 V, (f) 15 V. 
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Figure 4. (a,c,e) In-lens secondary electron (SE) and (b,d,f) backscattered electron (BSE) scanning electron micrographs of the cross-sections of the anodic films formed on zinc at (a,b) 4 V and (c–f) 15 V for 1800 s. 
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Figure 5. (a) Transmission electron micrograph of an ultramicrotomed section of the anodic films formed on zinc at 5 V for 1800 s and selected area electron diffraction patterns of the regions (b) I and (c) II in (a). 
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Figure 6. (a,d) Scanning-transmission electron micrographs and respective (b,e) Zn and (c,f) O elemental maps of Zn anodized at (a–c) 5 and (d–f) 15 V. 
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Figure 7. Schematic illustration showing the growth of (a) dark-colored and (b) colorless anodic films on zinc at low and high voltages in KOH electrolyte. 
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Table 1. Changes in the size of the ZnO crystallite and the (002) lattice spacing of ZnO with anodizing voltage.
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	Anodizing Voltage (V)
	4
	5
	6
	7
	8
	15





	Crystallite size (nm)
	21
	19
	18
	14
	15
	12



	(002) lattice spacing (nm)
	0.1362
	0.1361
	0.1361
	0.1361
	0.1361
	0.1362
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