Junsoo Han 
  
Kevin Ogle 
  
The anodic and cathodic dissolution of α-phase Zn-68Al in alkaline media

Keywords: A. Zn-Al, B. ICP-AES, Polarization, C. Alkaline corrosion, De-alloying

The mechanisms of Zn and Al dissolution of a pure α-phase Al-Zn in an alkaline electrolyte have been characterized using atomic emission spectroelectrochemistry to decouple the elementary dissolution rates. It was found that the selective dissolution of Al leads to the formation of a metallic Zn(0) surface layer. In the metallic form, this layer did not seem to affect the dissolution rate of Al. However, its oxidation led to a significant decrease in the Al dissolution rate, referred to as the negative correlation effect. These mechanisms were identified and characterized via linear sweep voltammetry and potentiostatic experiments.

Introduction

Al-Zn alloys are commonly used in galvanized steel, and Zn-rich Al phases occur as constituent particles in the high strength 7000 series Al alloys [START_REF] Wang | Mechanism of localized breakdown of 7000 series aluminum alloys[END_REF][START_REF] Wu | Precipitation phenomena in Al-Zn-Mg alloy matrix composites reinforced with B4C particles[END_REF][START_REF] Salamci | Investigation of secondary phase particles in spray deposited 7000 series aluminium alloys[END_REF][START_REF] Li | The effect of compositional variations on the characteristics of coarse intermetallic particles in overaged 7xxx Al alloys[END_REF][START_REF] Pasupulety | Studies on Au/Cu-Zn-Al catalyst for methanol synthesis from CO2[END_REF][START_REF] Ghiaasiaan | Quantitative metallography of precipitating and secondary phases after strengthening treatment of net shaped casting of Al-Zn-Mg-Cu (7000) alloys[END_REF]. Therefore, the reactivity of these phases with an alkaline electrolyte is of considerable interest for a number of applications. Most significant for this work is that high pH values may be reached during the corrosion of galvanized steel under atmospheric conditions, especially on the cut edge where the cathodic reaction may occur in close proximity to anodic reaction area [START_REF] Ogle | Observation of self-healing functions on the cut edge of galvanized steel using SVET and pH microscopy[END_REF][START_REF] Ogle | Localized electrochemical methods applied to cut edge corrosion[END_REF][START_REF] Thébault | Investigation of self-healing mechanism on galvanized steels cut edges by coupling SVET and numerical modeling[END_REF][START_REF] Lowe | Insights into the cut edge corrosion of 55 % Al-Zn metal coating on steel from simultaneous electrochemical polarization and localized pH sensing experiments[END_REF], or when the galvanized steel is coupled to more noble materials such as bare steel in confined zones [START_REF] Zhu | Formation of corrosion products on open and confined metal surfaces exposed to periodic wet/dry conditions -A comparison between zinc and electrogalvanized steel[END_REF].

Galvanized steel may also be exposed to an alkaline environment when used as a reinforcement [START_REF] Rincon | Galvanic anodes for reinforced concrete structures: A review[END_REF] or as a sacrificial anode [START_REF] Brousseau | Laboratory study of sacrificial anodes for reinforced concrete[END_REF] for concrete. Finally, alkaline cleaning is ubiquitous for galvanized steel and common for Al alloys such as the 7000 series which contains a high Zn content. In addition to removing oil, the alkaline treatment can alter the surface chemistry of the galvanized steel by dissolving pre-existing Al oxide layer and replacing it with Zn-O/-OH species [START_REF] Fink | Formation of ultra-thin amorphous conversion films on zinc coatings Part 1. Composition and reactivity of native oxides on ZnAl (0.05 %) coatings[END_REF][START_REF] Berger | The influence of alkali-degreasing on the chemical composition of hot-dip galvanized steel surfaces[END_REF][START_REF] Azmat | Pre-treatment of Zn surfaces for droplet corrosion studies[END_REF].

The dissolution mechanisms of Zn [START_REF] O'm Bockris | On the deposition and dissolution of zinc in alkaline solutions[END_REF][START_REF] Mokaddem | The anodic dissolution of zinc and zinc alloys in alkaline solution. I. Oxide formation on electrogalvanized steel[END_REF][START_REF] Cachet | The behavior of zinc electrode in alkaline electrolytes: I. A kinetic analysis of cathodic deposition[END_REF][START_REF] Cachet | The behavior of zinc electrode in alkaline electrolytes: II. A kinetic analysis of anodic dissolution[END_REF] and Al [START_REF] Pyun | Corrosion mechanism of pure aluminium in aqueous alkaline solution[END_REF][START_REF] Moon | The corrosion of pure aluminium during cathodic polarization in aqueous solutions[END_REF][START_REF] Chu | Experimental data on aluminum dissolution in KOH electrolytes[END_REF] alone in alkaline media have been widely investigated. Bockris et al. [START_REF] O'm Bockris | On the deposition and dissolution of zinc in alkaline solutions[END_REF] proposed multi-step Zn dissolution reactions in alkaline solution by the rotating-disk electrodes (RDE) measurement where the charge transfer reaction forming zincate ions was considered as the rate-determining step (rds) identified from the Tafel parameters. Mokaddem et al. [START_REF] Mokaddem | The anodic dissolution of zinc and zinc alloys in alkaline solution. I. Oxide formation on electrogalvanized steel[END_REF] observed three types of Zn -O/-OH film formation during the polarization experiment and chronoamperometry of pure Zn in an alkaline solution.

Type I film formation was due to the local saturation zincate ions near Zn electrode and type II film formed on Zn surface underneath the type I film. They concluded that the transition from type I and type II films to a passive type III film occurred probably due to a potential induced phase transition. For Al, Pyun et al. [START_REF] Pyun | Corrosion mechanism of pure aluminium in aqueous alkaline solution[END_REF] investigated corrosion of pure Al in 0.01 M, 0.1 M and 1 M NaOH solutions by RDE and a.c. impedance spectroscopy. It was proposed that the Al dissolution mechanism in alkaline solution in the presence of the native oxide film can be explained as consecutive oxide film formation and dissolution, and simultaneous water reduction.

By contrast, very little information is available concerning the electrochemistry of Zn-Al alloys in alkaline solution. This may be due in part to the difficulty of interpreting the electrochemical experiments because of the complication in decoupling the contributions of Zn and Al which requires measurement of the elemental dissolution rates. A particularity of the Zn-Al system and the focus of this paper is the profound influence of Zn dissolution on Al dissolution that we refer to as the negative correlation effect (NCE). It was previously observed for Zn-5 wt.% Al, that the onset of Zn dissolution led to a simultaneous decrease in the Al dissolution rate [START_REF] Vu | The anodic dissolution of zinc and zinc alloys in alkaline solution. II. Al and Zn partial dissolution from 5 % Al-Zn coatings[END_REF]. The origin of the phenomenon was not elucidated but it might be assumed that Zn corrosion products either block Al active sites or buffer the interfacial pH to lower values, making Al 3+ corrosion products less soluble. However, in the previous work, interpretation was difficult because of the multiphase nature of this alloy, being essentially segregated into a nearly pure Al phase and a Zn-rich phase.

In the present study, the individual elemental dissolution mechanisms and also the interaction between Zn and Al using an Al-Zn pure phase in an alkaline solution were investigated for the first time. A pure phase alloy, Zn-68 wt.% Al (α-phase of Al) was used as representatives of high Al content phase of Zn-Al and Zn-Al-Mg alloy coatings. The formation of a Zn(0) enriched surface layer by the selective dissolution of Al is clearly demonstrated by both potentiodynamic and potentiostatic experiments. The Zn(0) enriched surface layer has different electrochemical properties from the Zn-Al alloy as indicated by a cathodic shift in the onset potential for Zn dissolution. The effect of this layer on Al dissolution is presented for the first time.

Experimental

Materials

Zn (99.998 %) and Al (99.99 %) obtained from Goodfellow were used as reference metal.

Nominally pure α-phase of Al (Zn-68 wt.% Al, denoted as Al The sample preparation was performed the same way as in our previous publications [START_REF] Han | Cathodic dealloying of α-phase Al-Zn in slightly alkaline chloride electrolyte and its consequence for corrosion resistance[END_REF][START_REF] Han | Dealloying of MgZn 2 intermetallic in slightly alkaline chloride electrolyte and its significance in corrosion resistance[END_REF] and elsewhere [START_REF] Stoulil | Electrochemical properties of corrosion products formed on Zn-Mg, Zn-Al and Zn-Al-Mg coatings in model atmospheric conditions[END_REF] to have a reproducible surface condition. All samples were degreased by ethanol in an ultrasonic bath for 10 minutes then dried by flowing N 2 gas. After this treatment, the samples were ground by Si-C paper with P1200, P2400 and P4000 under ethanol then dried by N 2 gas again. The samples were stored in a humidity chamber of 50 % relative humidity obtained from a water reservoir saturated with Mg(NO) 3 ·H 2 O during 20-24 hours. The final treatment was to provide reproducibly oxidized surface prior to each experiment as suggested by Stoulil et al. [START_REF] Stoulil | Electrochemical properties of corrosion products formed on Zn-Mg, Zn-Al and Zn-Al-Mg coatings in model atmospheric conditions[END_REF]. All the experiments present herein showed reproducible results from measurements repeated at least three times.

In the present work, all the electrolytes were prepared from analytical grade materials with deionized water obtained by a Millipore TM system (18 MΩ cm). The pH=12.80, 0. was performed following to 1000~2000 s of spontaneous dissolution measurement, starting from -1.72 V to -0.42 V with 0.5 mV s -1 scan rate. Anodic-going and cathodic-going LSV (anodic and cathodic LSV, respectively) were also conducted starting potential scan from the open circuit potential (E oc ) to -0.42 V and -1.72 V, respectively. The objective of anodic and cathodic LSV is to reduce the effect of surface modification maybe caused by the previous potential sweep. In order to separate the effect of potential and time, chronoamperometry (CA) were conducted by choosing constant potentials (E ap ) based on the AESEC-LSV experiment.

The AESEC technique

The AESEC technique has been described in detail elsewhere [START_REF] Han | Dealloying of MgZn 2 intermetallic in slightly alkaline chloride electrolyte and its significance in corrosion resistance[END_REF][START_REF] Ogle | Anodic dissolution of 304 stainless steel using atomic emission spectroelectrochemistry[END_REF][START_REF] Ogle | Atomic emission spectroelectrochemistry applied to dealloying phenomena: I. The formation and dissolution of residual copper films on stainless steel[END_REF][START_REF] Shkirskiy | On the time resolution of the atomic emission spectroelectrochemistry method[END_REF]. The working electrode is in contact with an electrochemical flow cell chamber (≈0.2 cm 3 ) where a reference electrode and counter electrode are located, separated by a porous membrane. Dissolved elements from the working electrode are brought to an Ultima 2C Horiba Jobin-Yvon inductively coupled plasma atomic emission spectrometer (ICP-AES) equipped with a Paschen-Runge polychromater (focal distance 0.5 m) with an array of thirty photomultipliers for the simultaneous measurement of different elements and a N 2 purged Czerny-Turner monochromator (focal distance 1.0 m) to obtain a higher spectral resolution of a single element. In this work, the time resolved concentration of Zn and Al were determined from the emission intensity of the plasma monitored at 213.86 nm and 167.08 nm respectively by using standard ICP-AES calibration technique.

Data analysis

The data analysis of AESEC technique was described in our previous publications [START_REF] Han | Dealloying of MgZn 2 intermetallic in slightly alkaline chloride electrolyte and its significance in corrosion resistance[END_REF][START_REF] Ogle | Anodic dissolution of 304 stainless steel using atomic emission spectroelectrochemistry[END_REF][START_REF] Ogle | Atomic emission spectroelectrochemistry applied to dealloying phenomena: I. The formation and dissolution of residual copper films on stainless steel[END_REF][START_REF] Shkirskiy | On the time resolution of the atomic emission spectroelectrochemistry method[END_REF]. Elemental concentration (C M , M=Al and Zn in this work) measured by AESEC technique can be used to calculate elemental dissolution rate (v M ) then simultaneously can be compared with the electrochemical current density (j e * ). An equivalent elemental current density j M can be calculated by Faraday constant F as;

j M = zF v M [1]
where z is the valence of the dissolving ions: M → M z + + ze -. The ICP-AES detects only the soluble components of the reaction, however, oxide and other insoluble corrosion products may form on the surface. These species may, under certain circumstances, be quantified by a masscharge balance. The total electrical current is the sum of the anodic and cathodic partial currents, j e * = j a + j c . The anodic partial current may be decomposed into a soluble component, j Σ , (where j Σ is the sum of dissolution currents, = j Zn + j Al ) and an insoluble component, j ins indicating the formation rate of the unmeasurable insoluble species which remain on the surface of the sample in the form of a corrosion product such as oxide film. The relation between equivalent current densities can be written as; j e * = j Σ + j ins + j c [START_REF] Wu | Precipitation phenomena in Al-Zn-Mg alloy matrix composites reinforced with B4C particles[END_REF] By a mass balance equation, j Δ is introduced referring to the difference between electrical current and the sum of the dissolution currents:

j Δ = j e * -j Σ [3]
If j Δ > 0, undissolved species formation may be predicted. If j Δ < 0, cathodic current, j c , can be calculated assuming no insoluble species formation. Note that j e * is the convoluted value of j e taking into consideration of the residence time distribution in the flow cell which enables comparison with j M . A numerical simulation using convolution method to put the same time resolution between j e * and j M is described elsewhere [START_REF] Ogle | Anodic dissolution of 304 stainless steel using atomic emission spectroelectrochemistry[END_REF][START_REF] Shkirskiy | On the time resolution of the atomic emission spectroelectrochemistry method[END_REF]. The faradaic yield of elemental dissolution may be determined as η = j Σ /j e * when j Δ = 0 from Eq. 3.

Surface characteristics

The material surface after aging 24 hours in the humidity chamber [START_REF] Han | Cathodic dealloying of α-phase Al-Zn in slightly alkaline chloride electrolyte and its consequence for corrosion resistance[END_REF] and after electrochemical experiments was characterized by scanning electron microscopy (SEM) using a Zeiss Leo 1530 TM microscope with field emission gun (FEG) source at 15 keV, 15 mm working distance. A Renishaw Invia TM confocal Raman microscope was used to identify oxide species on the sample surface after each electrochemical tests with excitation by a Co diode pumped solid state (DPSS) using a green laser (532 nm). Wire TM software was used for the data acquisition and evaluation of Raman spectra.

Results

Spontaneous dissolution

The spontaneous elemental dissolution of nominally pure Zn and Al metal as a function of time was determined by AESEC. Typical "dissolution profiles" are shown in Figs. 1 and2 displaying the spontaneous Zn and Al dissolution rates (j Zn and j Al ) and open circuit potential (E oc ) for pH=12.80, 0.1 M NaOH electrolyte in both Ar deaerated and O 2 saturated electrolytes.

The specimen was brought into contact with the electrolyte at t=0.

The Zn dissolution rate (j Zn ) increased markedly by the addition of O 2 as shown in Fig. 1. For pure Zn, O 2 saturation led to a 2.5x increase in j Zn and a 580 mV increase in E oc . This result demonstrates that O 2 is the major oxidizing agent for the dissolution of Zn.

For pure Al (Fig. 2 

The electrochemistry of pure Al

Before considering the complex electrochemistry of the Zn-Al system, it is important to overview the chemistry of the alloy components alone as a point of reference. As will be shown, the AESEC technique permits measurement of the elemental dissolution rates even when the electrical current is cathodic. This technique can reveal a significant complexity to the electrochemistry of the individual elements of the material which is not apparent in the conventional polarization curves. AESEC-LSV experiments, starting from -1.72 V to -0.42 V with 0.5 mV s -1 scan rate, were performed for pure Al (Fig. 3) and pure Zn (Fig. 4).

The AESEC-LSV of pure Al in Ar deaerated and O 2 saturated electrolytes are shown in Fig. 3. This curve presents the total current density (j e *

) and the elemental dissolution rates expressed as a current densities (j M ) as a function of potential. A very large Al dissolution rate was observed (j Al ≈ 3 mA cm -2 ) throughout the potential sweep, nearly independent of potential for E < -0.9 V, slightly increasing for E > -0.9 V. The potential independent Al dissolution in the cathodic potential domain was observed in a Zn-5Al alloy in the same electrolyte [START_REF] Vu | The anodic dissolution of zinc and zinc alloys in alkaline solution. II. Al and Zn partial dissolution from 5 % Al-Zn coatings[END_REF].

Saturating the electrolyte with O 2 , had no measurable effect on either j Al or j e * which implies that the major cathodic reaction is hydrogen evolution from the reduction of water. The cathodic reaction rate may be determined directly from mass balance as j c = j Δ = j e * -j Al (Eq. 3). j Δ is also shown in Fig. 3. In fact, j Δ showed nearly identical trend in both deaerated and O 2 saturated, within experimental error again demonstrating that the effect of O 2 is undetectable under the conditions of these experiments.

The fact that Al dissolution is independent of potential at pH=12.80 indicates that the dissolution rate is controlled by the steady state formation and dissolution of the passive film, most likely Al(OH) 3 . The net reactions may be written as

Al + 3 H 2 O → Al(OH) 3 + 3/2 H 2 [4] Al(OH) 3 + OH -→ Al(OH) 4 - [5]
At pH=12.80, hydroxide is provided by the electrolyte and is therefore potential independent.

At lower pH, the OH -is provided by the cathodic reaction leading to a dissolution rate that is proportional to the cathodic current, referred to as cathodic dissolution of Al [START_REF] Han | Cathodic dealloying of α-phase Al-Zn in slightly alkaline chloride electrolyte and its consequence for corrosion resistance[END_REF].

The mass balance provides a rigorous measure of the true cathodic reaction rate through the experiment, however the intensity of the cathodic reaction may also be seen in the perturbations of the j Al signal apparent in Figs. 1 and3. These perturbations are due to the formation of H 2 bubbles which, when carried into the plasma, momentarily disturb the nebulization system. These perturbations, quantitatively estimated by the standard deviation of the signal, σj Al , may be used to identify situations where dissolution is driven by the hydrogen evolution reaction (perturbed signals present) or by cation migration across a passive film (no perturbed signals). It can be seen in Fig. 3 that σj Al decreased with increasing potential. This correlates with the decrease in the cathodic current as determined from j c = j Δ .

The electrochemistry of pure Zn

The AESEC-LSV of pure Zn in deaerated solution is given in Fig. 4A, showing j e * , j Zn and j ∆ , as for pure Al. For ease of reference, E j=0 is the potential where j=0 (zero-current shifted 50 mV below the E j=0 . In the domain II, j Zn increased exponentially with current obtaining an effective Tafel slope of 36 mV decade -1 determined from j Zn over nearly 2 orders of magnitude. The overall form of the elemental Zn dissolution curve is consistent with previous work [START_REF] Mokaddem | The anodic dissolution of zinc and zinc alloys in alkaline solution. I. Oxide formation on electrogalvanized steel[END_REF][START_REF] Vu | The anodic dissolution of zinc and zinc alloys in alkaline solution. II. Al and Zn partial dissolution from 5 % Al-Zn coatings[END_REF][START_REF] Vu | The effect of pH on the selective dissolution of Zn and Al form Zn-Al coatings on steel[END_REF].

In the absence of O 2 (Fig. 4A), in domain I, the hydrogen evolution reaction (HER) was the major contributing factor to the cathodic current density. Zn oxidation and dissolution were negligible, therefore, j Δ = j c from Eqs. 2 and 3. The effective Tafel slope determined from j Δ in domain I was 154 mV decade -1 consistent with mechanisms involving adsorbed H intermediates (M-H) such as the Heyrovsky mechanism:

M-H + OH -→ H 2 O + M + e - [6]
for which Tafel slopes of around 120 mV decade -1 are commonly observed [START_REF] Shinagawa | Insight on Tafel slopes from a microkinetic analysis of aqueous electrocatalysis for energy conversion[END_REF][START_REF] Angelo | Electrocatalysis of hydrogen evolution reaction on Pt electrode surfacemodified by S 2chemisorption[END_REF][34][START_REF] Birss | Oxygen evolution at platinum electrodes in alkaline solutions. II: Mechanism of the reaction[END_REF][START_REF] Gilroy | Surface oxidation and reduction of platinum electrodes: coverage, kinetics and hysteresis studies[END_REF][START_REF] Dafydd | The kinetics and mechanism of cathodic oxygen reduction on zinc and zinc-aluminium alloy galvanized coatings[END_REF].

Unlike Al, the pure Zn showed a significant aptitude for O 2 reduction. In O 2 saturated electrolyte (Fig. 4B), the cathodic current was significantly increased (j Δ = j c ≈ -400 μA cm -2 )

and occurred over a much wider potential range (-1.72 V ≤ E < -0.71 V) as compared to that in Ar deaerated electrolyte (Fig. 4A As the cathodic reaction rate, indicated by j Δ , decreased for E > -0.84 V, j e * approached j Zn . For E > -0.55 V, the faradaic yield, η, approached 1 as in the deaerated case (Fig. 4A). The E j=0 was shifted into the passive domain of Zn dissolution, consistent with the large positive potential shift of E oc with O 2 saturation observed in Fig. 1. Zn dissolution for E > E c Zn-ZnOH was not affected by the presence of O 2 in that the j Zn vs. E characteristic curves superimposed perfectly with the exception of a 90 mV cathodic shift in the presence of O 2 (see inset in Fig. 4). The effective Tafel slopes determined from j Δ , j e * (Ar) and j Zn (Ar and O 2 ) are summarized in Table 2. Potential values obtained from the AESEC-LSV experiments are also provided in Table 3.

Individual cathodic and anodic going polarization experiments were conducted starting from the initial E oc , here defined as the spontaneous potential observed on contact of the sample with the electrolyte, to -1.72 V and to -0.42 V, respectively. The anodic LSV, not shown, and5B. The E oc was in the passive domain (IV) of Zn dissolution for both systems, around -0.9

V, consistent with Fig. 1. It is to be noted that the j Zn curve is nearly identical for both Ar and O 2 saturated electrolyte and is similar in form to the cathodic to anodic LSV in Fig. 4. The Ar deaerated electrolyte, however, shows an initial anodic peak which may be attributed to the dissolution of the oxide film on the surface. This is also seen in Fig. 1 where an initial plateau E oc = -0.9 V was followed by a decrease of the potential to -1.4 V.

The electrochemistry of Al 5.2 Zn

The AESEC-LSV for Al 5.2 Zn in Ar deaerated electrolyte is depicted in Fig. 6A. The Zn partial current, j Zn vs. E, showed a similar trend to that of pure Zn (Fig. 4A) and the different domains I -IV are indicated on the figure based on the j Zn curve. For E < E c Zn = -1.32 V (domain I), no measurable j Zn was observed whereas j Al was remained at the same level as its spontaneous Al dissolution rate, j s Al (see Fig. 6B), and was independent of potential. This is indicative of the selective dissolution of Al, leading to the formation of a metallic Zn enriched surface layer Zn(0) [START_REF] Han | Cathodic dealloying of α-phase Al-Zn in slightly alkaline chloride electrolyte and its consequence for corrosion resistance[END_REF].

The negative correlation effect, described in the introduction, is evident in the potential domain II. In domain II (a), j Zn started to increase above the detection limit while j Al was at the same level as during the preceding potential sweep. In the potential domain II (b), j Zn abruptly increased and this increase was correlated with an equally abrupt decrease in the j Al . In the domain III, j Zn reached a maximum value while j Al decreased to a minimum value. This negative correlation effect (NCE) was previously observed for the Zn-5Al alloy coating in a similar electrolyte [START_REF] Vu | The anodic dissolution of zinc and zinc alloys in alkaline solution. II. Al and Zn partial dissolution from 5 % Al-Zn coatings[END_REF]. It is also of interest to note that Zn dissolution seemingly occurred in two The effect of the oxide film on the Al dissolution rate is also indicated by this result.

When the potential is released, j Al decreases by a factor of 5 and slowly increases as the Zn oxide film dissolves, ultimately achieving the initial open circuit dissolution rate, j s Al .

Integration of the j Zn peak in t 1 gives 32 nmol cm -2 Zn, corresponding to 3.7 nm of ZnO assuming a uniform distribution and the standard ZnO density (5.61 g cm -3 ). The slow increase of j Al during t 1 demonstrates that the ZnO film was a barrier to Al dissolution consistent with the conclusions concerning domain II (b) in Fig. 6A, showing a negative correlation effect (NCE).

Fig. 7 shows the SEM images taken after t 1 in Fig 6B , suggesting that the thin films were not completely dissolved at the second E oc period. This thin film was characterized as ZnO and Zn 1+x O as it showed 430 cm -1 and 540 cm -1 Raman shift [START_REF] Damen | Raman effect in zinc oxide[END_REF][START_REF] Azmat | Corrosion of Zn under acidified marine droplets[END_REF]. Individual cathodic and anodic polarization experiments, cathodic and anodic LSV, were performed. They showed, however, no distinctive difference with respect to the LSV from cathodic to anodic potential (Fig. 6A), and are not shown herein.

Chronoamperometric experiments of Al 5.2 Zn

Interpretation of LSV experiments is often difficult as the experiment involves a simultaneous variation of time and potential as recently discussed by Moshaweh and Burstein [START_REF] Moshaweh | Evolution of unpredictable behaviour of a passivated stainless steel measured electrochemically[END_REF]. This is particularly true for systems exhibiting dealloying mechanisms as the nature of the surface changes radically as a function of time as selective dissolution leads to the build-up of the more noble element, in this case Zn. To apprehend these phenomena, we attempted to isolate the various mechanisms of dissolution which occur in the different potential domains of the LSV experiment by measuring the dissolution profiles at a constant applied potential and following j e * , j Al and j Zn as a function of time, referred to as chronoamperometry (CA). Average steady state values of j M , j e * , j Al /j Zn , and η at each potential pulse are summarized in Table 4.

For E > E c

Zn of the CA (domain II ~ IV), dissolution was both congruent and faradaic with j Al /j Zn ≈ 7.8 (ratio of the bulk composition) and η ≈ 1. For t < 0, the electrolyte was not in contact with the specimen and the background signals were measured to define the emission zero. At t=0, indicated with a vertical dashed line in Fig. 8, the electrolyte was brought in contact with the sample and after approximately 10 s, a constant potential was applied to the sample.

Selective Al dissolution is clearly demonstrated in the CA experiments (Fig. 8A) in that the j Al was measured at the same level as j s Al whereas the j Zn was under the detection limit. This is in good agreement with the LSV result (Fig. 6A) for domain I. The potential independence of Al dissolution is likewise confirmed as the j Al values at E ap = -1.60 V and -1.40 V were essentially identical to each other and also nearly the same as the open circuit value, j s Al . Note that j Zn was very low and has been multiplied by 100 on the axis of this experiment. A relatively high level of Al signal perturbation, σj Al , was observed, indicative of H 2 evolution as previously noted. The total current was cathodic during this experiment and is not shown.

The negative correlation effect is observed at applied potentials above E c Zn , in potential domain II at -1.25 V and -1.18 V, Figs. 8B and 8C. Displayed are j e * , j Zn , j Al , and j Σ as a function of time. In agreement with the polarization curve of Fig. 6, j Zn has increased by orders of magnitude, while j Al has decreased by a factor of two. Otherwise dissolution is approximately faradaic with j Σ slightly > j e * consistent with a non-negligible cathodic reaction at these potentials.

Of particular interest for this work is the CA profile at E ap = -1.32 V given in Fig. 9. At this potential, a clear time dependent transition is observed at t = t' between the selective Al dissolution mechanism (t < t') and the congruent dissolution mechanism (t > t'). Until t', selective Al dissolution was observed. However, as the excess Zn(0) built up on the surface, j Zn increased. This correlated with a drop in j Al demonstrating the onset of the negative correlation effect.

Note that in Fig. 9, j Zn and j Al have been normalized by their bulk molar composition so that information on selective dissolution may be obtained at a glance. Towards the end of the CA experiment, Zn and Al dissolution were congruent as demonstrated by the fact that 8.8 j Zn ≈ 1.13 j Al ≈ j Σ consistent with the stoichiometry of Eq. 7 assuming Al(III) and Zn(II) oxidation: Al 5.2 Zn → Zn 2+ + 5.2 Al 3+ + 17.6 e - [START_REF] Ogle | Observation of self-healing functions on the cut edge of galvanized steel using SVET and pH microscopy[END_REF] The change in mechanism was once again revealed by consideration of the Al signal perturbations, σj Al . Significant perturbations were observed after the potential pulse, suggesting a change of Al dissolution mechanism from migration across the passive Zn-O/-OH film during the potential pulse to direct dissolution with hydrogen evolution after potential release.

It is of interest to contrast the reactivity of Al 5.2 Zn at E ap = -1.32 V (Fig. 9) with that obtained at a more extreme anodc potential, E ap = -0.60 V (Fig. 10). In the latter case, Zn oxide formation is clearly indicated by mass balance (j Δ > 0, Fig. 10). It is clearly seen that 1.13 j Al = j Σ ≈ j e * , demonstrating that essentially all Al dissolution contributed to electrical current without forming significant insoluble species. However, since 8.8 j Zn < j e * , it is evident that some Zn 2+

was not detected, indicative of Zn oxide formation.

The nature of this oxide was further revealed by direct observation of the spontaneous dissolution profile, following the CA experiment, on the right hand sides of Figs. 9 and 10. A potential plateau of oxide dissolution (t 1 ) was observed following E ap = -0.60 V (Fig. 10).

Significantly, this plateau was not observed following E ap = -1.32 V (Fig. 9). Likewise, the potential plateau was coupled to the dissolution of ZnO formed during the anodic potential pulse as discussed in the LSV (Fig. 6B).

The sample surface was characterized by SEM (Fig. 11A) and Raman spectroscopy (Fig. 11B) at the end of the CA experiment (arrow in Fig. 10). From the SEM images displayed in Fig. 11A, the surface can be divided into darker (i) and porous lighter (ii) areas separated by grain boundaries. A higher magnification images (bottom) show that the highly porous lighter area was covered by a less porous thin darker layer which seems to be partly dissolved as indicated by arrows and a dashed line in the bottom right image. Raman spectra (Fig. 11B)

shows that the darker thin layer (i) is composed of ZnO (430 cm -1 ) and Zn 1+x O (540 cm -1 ) [START_REF] Damen | Raman effect in zinc oxide[END_REF][START_REF] Azmat | Corrosion of Zn under acidified marine droplets[END_REF] while the lighter area (ii) showed no Raman spectra. The porosity in the lighter area could be due to the selective Al dissolution in the E oc period after t 1 .

The effect of O 2 on the LSV of Al 5.2 Zn

The formation of Zn oxide is markedly enhanced by saturating the electrolyte with O 2 . This is demonstrated by the AESEC-LSV and the anodic LSV of Al 5.2 Zn in O 2 saturated electrolyte are shown in Fig. 12A and 12B respectively. Both curves include the time sequence before and after the LSV experiment.

The overall j M vs. E was not greatly altered as compared to that in Ar deaerated electrolyte (Fig. 6). j Al in the cathodic potential domain in Fig. 12A remained at the same level as j s Al in open circuit dissolution, as in the Ar deaerated electrolyte (Fig. 6). This again demonstrates that Al dissolution varies little with O 2 . Zn dissolution occurred at E c Zn = -1.45 V, only +40 mV than E j=0 , supporting the previously discussed Zn dissolution mechanism near the E j=0 [START_REF] Han | Cathodic dealloying of α-phase Al-Zn in slightly alkaline chloride electrolyte and its consequence for corrosion resistance[END_REF][START_REF] Han | Dealloying of MgZn 2 intermetallic in slightly alkaline chloride electrolyte and its significance in corrosion resistance[END_REF] For the anodic LSV (Fig. 12B), j M showed similar trends to the cathodic to anodic LSV (Fig. 12A). After the potential release, at t 1 , j Zn was slowly decreasing while j Al was increasing without showing a significant perturbation signal. However, after t 1 , j Al increased to j s Al level with higher σj Al whereas j Zn decreased to the level of its detection limit showing a distinctive Zn dissolution peak. Again, this unambiguously demonstrates that the origin of the negative correlation effect is due to the formation of Zn oxides, presumably ZnO, from the dealloyed Zn(0) rich surface layer. During t 1 , E oc decreased slowly in a range of -1.32 V < E oc < -1.45 V.

After t 1 , the potential dropped to E = -1.6 V when the j Zn peak was measured, indicating an evident Zn -O/-OH dissolution. The quantity of ZnO formed was measured from the integral of the Zn dissolution transient from the end of the applied potential to t 1 , and was found to be 29 nmol cm -2 corresponding to 3.4 nm.

Discussion

A schematic of the proposed mechanism for the cathodic and anodic dissolution of Zn-in alkaline media as a function of potential. For the domain I (from Fig. 6A, E < E c Zn ), selective Al dissolution leads to the formation of the Zn(0) enriched surface layer. The dissolution of Al occurs, coupled with water reduction forming H 2 :

AlZn x + 3 OH -→ Al(OH) 3 + 3 e -+ 2x Zn(0) [8a] Al(OH) 3 + OH -→ Al(OH) 4 - [8b] 6 H 2 O + 4 e -→ 2 OH -+ 3 H 2 [8c]
The existence of the intermediate surface film, presumably Al(OH) 3 , limits the rate of the reaction between water and Al. However, the dissolution of the film is rapid on the time scale of these experiments due to the availability of OH -. Reaction 8b is essentially independent of potential. The presence of the Zn(0) enriched surface layer does not affect the Al dissolution rate so Reactions 8 continue unhindered for (E < E c Zn ).

The behavior at pH=12.80 differs from that observed at lower pH (neutral to slightly alkaline) where potential dependent Al dissolution was observed in the cathodic potential domain for pure Al, Al alloys and Al-Zn pure phases [START_REF] Han | Cathodic dealloying of α-phase Al-Zn in slightly alkaline chloride electrolyte and its consequence for corrosion resistance[END_REF][START_REF] Ogle | The cathodic dissolution of Al, Al2Cu, and Al alloys[END_REF][START_REF] Serdechnova | On the cathodic dissolution of Al and Al alloys[END_REF] by the ASESEC technique.

The elementary reactions are identical, however, at lower pH, the hydroxide in Eqs. 8a and 8b is only provided by the cathodic current, hence the dissolution rate is stoichiometrically proportional to the cathodic current, and the phenomena is referred to as cathodic dissolution of Al, or cathodic dealloying.

The Zn(0) enriched surface layer starts to dissolve in the domain II (a), (E > E c Zn ), but Al dissolution is not restrained. As Zn 2+ increases in the solution, Zn(OH) 2 can be formed on the surface reacting with OH -in the electrolyte. When the Zn(OH) 2 builds up with potential increase covering the surface as Reaction 9, Al dissolution is restrained by this layer in the domain II (b) and III.

Zn + 2 OH -→ Zn(OH) 2 + 2 e - [START_REF] Thébault | Investigation of self-healing mechanism on galvanized steels cut edges by coupling SVET and numerical modeling[END_REF] either by the presence of Zn oxides on the surface. In the domain IV, ZnO formation passivates the surface via Reaction 10 [START_REF] Touri | Detection and characterization of ZnO on a passive film of pure zinc[END_REF]. At the same time, this ZnO can be dissolved via Reaction 11 as follows:

Zn + Zn(OH) 2 + 2 OH -→ 2 ZnO + 2 H 2 O + 2 e - [10] 
ZnO + OH -+ H 2 O → Zn(OH) 3 - [START_REF] Zhu | Formation of corrosion products on open and confined metal surfaces exposed to periodic wet/dry conditions -A comparison between zinc and electrogalvanized steel[END_REF] Given that j Zn in the domain IV was independent of potential for pure Zn and the Al This mechanism resembles the classical 'dissolution-precipitation' model [START_REF] Liu | Passivation of zinc anodes in KOH electrolyte[END_REF][START_REF] Armstrong | Diagnostic criteria for distinguishing between the dissolutionprecipitation and the solid state mechanism of passivation[END_REF][START_REF] Dirkse | The anodic behaviour of zinc in aqueous KOH solution-II. Passivation experiments using linear sweep voltammetry[END_REF] which explains the passivation of Zn by the critical concentration of zincate ions in the vicinity of the electrode. However, in this case, the passivation may be driven by potential rather than local saturation, in accordance with previous observations [START_REF] Mokaddem | The anodic dissolution of zinc and zinc alloys in alkaline solution. I. Oxide formation on electrogalvanized steel[END_REF][START_REF] Hull | The anodic behavior of zinc electrodes in potassium hydroxide electrolytes[END_REF][START_REF] Baugh | Passivation of zinc in concentrated alkaline solution-I. Characteristics of active dissolution prior to passivation[END_REF][START_REF] Baugh | Passivation of zinc in concentrated alkaline solution-II. Role of various experimental factors and the distinction between the solid state and dissolutionprecipitation mechanisms[END_REF]. The CA experiment directly polarized to the passive domain (Fig. 10) revealed that ZnO was formed during the potential pulse as evidenced by j Δ > 0 and congruent Al dissolution. The dissolution of this ZnO film was observed after the potential release, restraining Al dissolution (NCE). 3) The "negative correlation effect (NCE)" of Zn on Al dissolution was clearly due to the oxidation/dissolution of a Zn(0) enriched surface layer formed by a selective Al dissolution. It was evidenced by the potential domain II (b) in Fig. 6A and ZnO dissolution at t 1 in the spontaneous dissolution after the LSV (Fig. 6B). E ap = -1.60 V (Fig. 8A) E ap = -1.40 V (Fig. 8A) E ap = -1.32 V (Fig. 9) E ap = -1.25 V (Fig. 8B) E ap = -1.18 V (Fig. 8B) E ap = -0.60 V (Fig. Al dissolution is restrained Negative correlation effect (NCE). E ap = -1.25 V (Fig. 8B) E ap = -1.18 V (Fig. 8B) E ap = -0.60 V (Fig. 10) 
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 52 Zn based on its molar composition) was used in the present study. The Al 5.2 Zn phase was produced and characterized by the Department of Metals and Corrosion Engineering, University of Chemistry and Technology, Prague. Chemical composition of pure phases was chosen based on the Zn-Al phase diagram, obtaining a single phase after annealing and water quenching. An α-phase of Al (Al 5.2 Zn) with only a trace of η-phase of Zn was identified by X-ray diffraction (XRD).

  1 M NaOH electrolyte was prepared either deaerated by Ar or saturated by O 2 (Air Liquide, SA, 100 % O 2 compressed gas) bubbling Ar or O 2 for 30 minutes prior to the experiments and maintaining the gas flow during the experiments. The goal of deaeration was to minimize the cathodic current to better compare the elemental dissolution rates with anodic current. Saturation with O 2 was to see the effect of O 2 on the elemental dissolution without mixing with other gas present in the air. A Gamry Reference 600 TM potentiostat was used to measure and control the electrochemical potential (E) and current density (j e ). All potential values presented in this work are referenced to an Hg/HgO in 0.1 M NaOH (-165 mV vs. SHE) electrode. A Pt foil was used as counter electrode. Atomic emission spectroelectrochemistry -linear sweep voltammetry (AESEC-LSV)

  potential), and E c Zn is the onset potential for Zn dissolution as indicated in the Fig. 4A. Four potential domains are indicated in Fig. 4A as labelled. (I) E < E c Zn : the cathodic domain where j Zn was under the detection limit. (II) the Tafel domain where j Zn rose above the detection limit and increased exponentially with potential. (III) the peak maximum domain where j Zn maintained a maximum value during around 150 mV independent of potential sweep. (IV) the passive domain where both j Zn and j e * decreased to obtain a steady state value independent of potential. In Ar deaerated electrolyte (Fig. 4A), a nearly 100 % faradaic dissolution (η ≈ 1) was observed throughout the anodic potential sweep (from domain II to IV) indicating that anodic dissolution was the major reaction and oxide formation was undetectable. The E c Zn = -1.47 V

  , -1.72 V ≤ E < -1.42 V). Zn dissolution was observed in the cathodic potential domain as indicated in the log |j e * | by an inverse peak which correlated perfectly with the j Zn dissolution transient. The onset potential of Zn dissolution in the cathodic potential domain is denoted as E c Zn/Zn-OH considering the formation of Zn-O/-OH species. j Δ vs. E curve showed a nearly constant value from -1.72 V to -0.84 V, indicative of diffusion limited O 2 reduction.

  showed an almost 100 % faradaic dissolution under both Ar deaeration and O 2 saturation. The cathodic LSV of pure Zn in Ar deaerated and O 2 saturated electrolytes are shown in Figs. 5A

  potential domains with effective Tafel slopes determined from j Zn as (a) 85 mV decade -1 and (b) 10 mV decade -1 . The dissolution rate in the passive domain IV (E > -1.1 V) is most likely due to the migration of Al 3+ across the Zn oxide film. The rate of oxide formation (j Δ ) from domain III to IV was obtained since the j Al , j Zn and j e * show only a modest variation with potential. The change in mechanism is indicated by the amplitude of the Al signal perturbations as well: a relatively large σj Al in domain I, indicative of H 2 evolution, while σj Al is significantly reduced in the passive domain IV. The nature of the oxide films formed during the LSV experiment may be investigated by considering the open circuit dissolution profiles before and after the LSV experiment shown in left hand side of Fig. 6B. Before the LSV, selective Al dissolution was observed during initial open circuit potential (E oc ) with j s Al = 1.6 ± 0.2 mA cm -2 with j Zn below the detection limit, nearly identical to that measured during the domain I of the cathodic sweep. However, after the LSV, right hand side of Fig. 6B, the E oc period shows evidence for the dissolution of a Zn oxide film and its effect on the Al dissolution rate. Observed are two unique domains. At first, a potential plateau near -1.43 V during approximately 250 s bounded by an abrupt decrease to -1.58 V, marked as t 1 . This period is consistent with the dissolution of the oxides formed during the potential sweep and is confirmed by the transient dissolution of Zn (j Zn ) during the potential plateau. Following this period, the system attains a near steady state open circuit potential with E oc rising slowly to -1.53 V, nearly identical to the potential of spontaneous dissolution prior to the LSV (left side of Fig. 6B).

Fig. 8

 8 Fig. 8 gives typical CA results for polarizations into A: the selective Al potential domain

3 -/

 3 . In the O 2 saturated electrolyte, the ZnO formed during cathodic polarization would dissolve directly forming Zn(OH) Zn(OH)4 2-complex in a more negative potential range as compared to that in the absence of O 2 .A more consequent ZnO film was formed with O 2 as evidenced by the +130 mV shift in E oc = -1.38 V after the LSV with respect to the first E oc = -1.51 V. In the second open circuit dissolution period, j Zn increased by a factor of 180 while j Al decreased a factor of 5 as compared to those in the first open circuit period again illustrating the negative correlation effect due to the presence of ZnO. The intensity of the σj Al was markedly decreased with respect to that measured in the first E oc period as well. This demonstrates that the ZnO film formed during the anodic sweep, dissolved slowly after the potential release, correlated to the Al dissolution across this ZnO film.
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 52 Zn phase (Figs. 4 and 6A, respectively), it can be concluded that Reaction 10 and Reaction 11 are in the steady state. Al dissolution occurs across this ZnO film as evidenced by the absence of perturbations on the j Al signal.

1 )

 1 Zn in Al 5.2 Zn dissolved in a similar manner to pure Zn in pH=12.80 Ar deaerated and O 2 saturated electrolytes. Al dissolved similar to pure Al for E < E c Zn , but was restrained during the Tafel (active) domain of Zn dissolution. For more positive potential (passive domain IV), Al dissolved by migration across a ZnO. 2) Potential independent Al dissolution for pure Al and Al 5.2 Zn was observed at pH=12.80 for the cathodic potential domain. This result is different from the potential dependent Al dissolution in a lower pH media, indicating distinct elemental dissolution mechanisms at each pH. The AESEC-LSV of pure Al and Al 5.2 Zn demonstrated that the formation and dissolution of Al(OH) 3 were in the steady state at pH=12.80.

4 ) 5 )Fig. 1 .

 451 Fig. 1. Spontaneous elemental dissolution rate (j Zn ) determined by AESEC and E oc for pure Zn exposed to a 0.1 M NaOH, pH=12.80 electrolyte with Ar deaeration and O 2 saturation at T=20°C.

Fig. 2 .

 2 Fig. 2. Spontaneous elemental dissolution rate (j Al ) and E oc for pure Al exposed to a 0.1 M

Fig. 3 .

 3 Fig. 3. Elemental AESEC linear sweep voltammetry (AESEC-LSV) of pure Al in 0.1 M NaOH,

Fig. 4 .

 4 Fig. 4. Elemental AESEC-LSV of pure Zn in 0.1 M NaOH, pH=12.80 electrolyte with A: Ar

Fig. 5 .

 5 Fig. 5. Elemental AESEC cathodic polarization (cathodic LSV) curves of pure Zn in 0.1 M

Fig. 6 .

 6 Fig. 6. A: Elemental AESEC-LSV of Al 5.2 Zn phase in 0.1 M NaOH, pH=12.80 electrolyte with Ar deaeration at T=20°C. The potential was swept from -1.72 V to -0.42 V with 0.5 mV s -1 scan

Fig. 7 .

 7 Fig. 7. SEM images of the Al 5.2 Zn phase taken in the second E oc period in Fig. 6B (arrow). An

Fig. 8 .

 8 Fig. 8. AESEC-chronoamperometry (CA) of Al 5.2 Zn phase of A: the selective Al potential

Fig. 9 .

 9 Fig. 9. AESEC-CA of Al 5.2 Zn phase at E ap = -1.32 V and after the potential release in 0.1 M

Fig. 10 .

 10 Fig. 10. AESEC-CA of Al 5.2 Zn phase at E ap = -0.60 V and after the potential release in 0.1 M

Fig. 11 .

 11 Fig. 11. A: SEM images, B: Raman spectra at a thin darker area (i) and porous lighter area (ii)

Fig. 12 .

 12 Fig. 12. A: Elemental AESEC-LSV including the spontaneous dissolution before/after the LSV,

Fig. 13 .

 13 Fig. 13. Schematic model of dissolution of α-phase Al 5.2 Zn in alkaline media as a function of
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Table 1 .

 1 The average steady state values (j s M ) determined by AESEC and open circuit potential (E oc ) in spontaneous dissolution for pure Zn, pure Al and Al 5.2 Zn phase in 0.1 M NaOH, pH=12.80, Ar deaerated and O 2 saturated electrolytes at T=20°C.

Table 2 .

 2 Tafel slopes in the cathodic potential domain determined from j Δ and j e * near E j=0 for pure Zn and Al 5.2 Zn from the AESEC-LSV. Tafel slopes in the anodic domain are measured in

	a narrow potential range above E c	Zn (or E c	Zn/Zn-OH ) determined from j Zn . For Al 5.2 Zn, two Tafel
	slopes are given as Zn dissolution occurred in two potential domains.

Table 3 .

 3 Potential values obtained from the AESEC-LSV for pure Zn, pure Al and Al 5.2 Zn phase.

Table 4 .

 4 The average j M , j e Al /j Zn and η of the Al 5.2 Zn phase obtained at E ap = -1.60 V, -1.40 695 V, -1.32 V, -1.25 V, -1.18V and -0.60 V from the CA in Figs.8-10. 

*
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Table 1 .

 1 

	697						
	698						
			j s Zn (μA cm -2 )	j s Al (mA cm -2 )	E oc (V vs. Hg/HgO)
		Ar	O 2	Ar	O 2	Ar	O 2
	Pure Zn	25 ± 1	64 ± 2	-	-	-1.42	-0.84
	Pure Al	-	-	4.0 ± 0.9	3.7 ± 0.5	-1.55	-1.53
	Al 5.2 Zn	-	0.4 ± 0.2	1.6 ± 0.2	1.8 ± 0.1	-1.53	-1.51

Table 2 .

 2 

		Cathodic j Δ	Cathodic j e *	j Zn	
		(mV decade -1 )	(mV decade -1 )	(mV decade -1 )
		Ar	Ar	Ar	O 2
	Pure Zn	160	162	36	76
	Al 5.2 Zn	207	212	85/10	42/23

Table 3 .

 3 

	V vs. Hg/HgO	E c	Zn		E j=0	
		Ar		O 2	Ar	O 2
	Pure Zn	-1.47	E c	Zn/Zn-OH = -1.56	-1.44	-0.71
	Pure Al	-		-	-1.54	-1.53
	Al 5.2 Zn	-1.32		-1.45	-1.51	-1.49

Table 4 .

 4 

Table 2 Table 3 V

 23 

	vs. Hg/HgO	E c	Zn		E j=0	
		Ar		O 2	Ar	O 2
	Pure Zn	-1.47	E c	Zn/Zn-OH = -1.56	-1.42	-0.71
	Pure Al	-		-	-1.54	-1.53
	Al 5.2 Zn	-1.32		-1.45	-1.51	-1.49

  Formation of the Zn(0) layer. Al dissolution is not affected.Dissolution of the Zn(0) layer. Al dissolution is not affected.

	Table 4					
			Zn cathodic domain		Zn Tafel domain (a)
	H 2 O	H 2	Al(OH) 4	-		Al(OH) 4	-	Zn 2+
							Porous Zn(0) layer formation	Zn(OH) 2	OH -	Zn(0) layer dissolution
				Al 5.2 Zn			Al 5.2 Zn
							II (a)	Domain II (b)	Domain IV
	j Al (mA cm -2 ) Zn Tafel domain (b)	0.58 ± 0.01	0.67 ± 0.02 Zn passive domain	1.47 ± 0.03
	j Zn (mA cm -2 )	0.069 ± 0.001 Zn(OH) 3 -	0.086 ± 0.002	0.167 ± 0.002
	j e	* (mA cm -2 )			0.61 Zn(OH) 2	0.72	1.650 ± 0.007
			j Al /j Zn				8.4	7.7	8.8
		η (j Σ / j e Al 5.2 Zn * )			1.06	1.03	Al 5.2 Zn	0.98

Dissolution/precipitation of Zn(OH) 2 .

Al dissolution is restrained.

Al dissolution across ZnO film. (

10

) and (

11

) are in the steady state.
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