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Abstract
[bookmark: _Hlk202780512][bookmark: _Hlk202790583]Ni-based materials are promising candidates for anodic electrodes and electrolysis cell materials in seawater electrolysis systems for hydrogen production. However, their practical application is hindered by severe corrosion in chloride-rich electrolytes. Incorporating phosphate into the electrolyte has emerged as an effective strategy to enhance corrosion resistance, though the underlying mechanisms remain poorly understood. In this study, the corrosion inhibition mechanism of phosphate on Ni was systematically investigated. Polarization measurements in 0.5 M borate – 0.5 M KCl electrolytes at pH 9.2 with varying phosphate concentrations revealed that Ni undergoes pitting corrosion with Cl−, which is significantly mitigated by phosphate addition. This enhancement is attributed to two factors: 1) structural modification of the passive film, and 2) suppression of pit propagation. STEM/EDS analysis shows phosphate incorporation into the Ni passive film, altering its structure from crystalline to amorphous, which correlates with enhanced protective ability of passive film. Furthermore, potentiostatic polarization reveals that phosphate addition inhibits pit propagation even after its initiation. This inhibition is likely due to the pH buffering effect of phosphate. These findings offer new mechanistic insights into phosphate-assisted corrosion resistance enhancement and provide a foundation for the design of corrosion-resistant nickel-based materials for highly-concentrated chloride environments.


[bookmark: _Hlk205951248]Introduction
[bookmark: _Hlk202704252]In recent years, dependence on fossil fuels has caused CO2 emissions and environmental problems, creating a need for the development of clean and renewable energy sources. Hydrogen has attracted attention as a promising energy carrier that can be generated from renewable power by water electrolysis 1–6. Currently, various water electrolysis systems have been developed, such as alkaline water electrolysis (AWE), proton exchange membrane (PEM), and anion exchange membrane (AEM) systems 5, 6. However, these current water electrolysis systems require high-purity water as the electrolyte. To produce large amount of hydrogen energy through water electrolysis, it is highly advantageous to use quasi-native seawater as the electrolyte, as it constitutes approximately 97% of the Earth’s total water resources. In this context, coastal areas are well-suited for the use of electricity generated from renewable energy sources such as wind power and solar power, making it possible to produce hydrogen at low cost and with high efficiency. Therefore, many studies have been conducted to develop technologies and materials that can contribute to the realization of seawater electrolysis 7–10.
At the anode of water electrolysis systems, the oxygen evolution reaction take place (OER, 4OH−  O2 + 2H2O + 4e−). To achieve highly efficient water electrolysis, it is crucial to minimize the overpotential associated with the OER. Ni-based materials have attracted significant attention and have been extensively studied as promising candidates for the OER electrodes due to their low over potential and nature abundance 11–15. However, deterioration due to corrosion is a significant issue in seawater electrolysis environments. In electrolytes containing chloride ions (Cl−), not only do the chloride ions themselves induce corrosion, but hypochlorite (ClO−) or chlorine gas (Cl2) is also generated at the anode through the chlorine oxidation reaction depending on pH (Cl− + H2O  ClO− + 2H+ + 2e−, or 2Cl−  Cl2 + 2e−, respectively). When this chlorine oxidation occurs, it forms hypochlorous acid in the electrolyte, a strong oxidizing agent that also accelerates corrosion. While Ni and Ni-based materials generally exhibit excellent corrosion resistance to AWE highly alkaline condition due to their protective passive films 16, 17, localized corrosion can occur in environments with high chloride concentrations owing to the breakdown of the passive film 18–20.
One effective approach to prevent these corrosion issues is the introduction of anion additives into the electrolyte 21–25. In particular, several studies have focused on the suppression of corrosion by the addition of phosphate 21, 22. Komiya et al. conducted electrochemical measurements of an NiFeOx/Ni electrodes in buffered electrolytes (pH 9.2) containing both phosphate and chloride, and found that the addition of phosphate suppressed Ni dissolution and subsequent corrosion deterioration 22. More recently, they studied the impact of ions on competitive adsorption among buffer anions and Cl−, namely, the dynamic potential-pH diagram for Ni anode 24. According to Zhang et al., the presence of phosphate improved the corrosion resistance of NiFe-layered double hydroxide catalysts and prolonged their lifetime by a factor of 100 in Cl-containing environments 26. Yu et al. reported that the addition of phosphate to the electrolyte effectively suppresses chloride oxidation reactions, thereby reducing corrosion 21. It has also been reported that under conditions close to practical application, as a result of this suppression of corrosion degradation, high O₂ evolution activity and OER selectivity were maintained in the presence of chloride ions, and a Faradaic efficiency for O₂ evolution close to unity was achieved 22. However, although it has been reported that the addition of phosphate is beneficial for corrosion inhibition, the detailed mechanism by which phosphate addition inhibits the corrosion of Ni-based materials has not yet been fully elucidated. In order to improve the reliability of water electrolysis systems, it is necessary to provide detailed mechanisms of the corrosion-inhibition effects of phosphate against Cl−. 
[bookmark: _Hlk202705071]The aim of this study is to elucidate the corrosion inhibition mechanism of phosphate on Ni in Cl-containing electrolyte. In seawater electrolysis, operation under mild-alkaline condition (pH 7.5–10) is expected in order to increase the equilibrium potential gap between the OER and ClOR, making the ClOR less likely to occur compared to the OER 22, 23, 27, 28. Furthermore, besides phosphate, simultaneous addition of buffer ions such as borate into electrolyte is assumed, and the pKa of borate where the buffering action is maximized is pH 9.2 22. For these reasons, elucidating the corrosion behavior of Ni-based materials in the electrolytes with borate and phosphate around pH 9.2 is very important, and therefore, such electrolytes were used in this study. Although actual water electrolysis systems are expected to utilize not only pure Ni but also Ni-based alloys or compounds such as Ni-Fe, previous studies have suggested that the addition of phosphate particularly affects the corrosion behavior of Ni component 22. Therefore, pure Ni was used in this study to simplify the system and clarify the fundamental corrosion behavior and mechanisms intrinsic to Ni. The influence of phosphate on the corrosion behavior of Ni was analyzed from the following two perspectives: (1) changes in the passive film of Ni induced by phosphate, and (2) changes in pitting propagation rate related to the pH buffering effect of phosphate. Changes in the passive film were clarified by observing the cross-sections of the passive films after polarization in electrolytes with different phosphate concentrations using transmission electron microscopy. The propagation rate of pitting corrosion was examined based on the relationship between phosphate concentration and the change in anodic current during potentiostatic polarization.

[bookmark: _Hlk205951505]Experimental Methods
Specimen. --- The specimen used was a 99% Ni plate from the Nilaco Corporation (NI-313511), with its chemical composition detailed in Table 1. The Ni plate was cut into coupons approximately 20 mm × 20 mm × 1 mm in size. Subsequently, the specimen surfaces were mechanically ground using 1200-grit SiC paper and polished using 1 µm diamond paste. 

Electrolytes. --- For potentiodynamic polarization measurements, 0.5 M K-borate– 0.5 M KCl electrolytes with various concentrations of phosphate (0, 0.05, 0.1, 0.5, and 1.0 M) at pH 9.2 were prepared. First, 0.5 M H3BO3 – 0.5 M KCl – x M H3PO4 (where x = 0, 0.05, 0.1, 0.5, or 1.0) solutions were prepared, and then the pH was adjusted to 9.2 by adding KOH. In addition, for potentiostatic polarization measurements, 3 M KCl electrolytes with various concentrations of phosphate (0, 0.1, and 1.0 M) were also prepared. First, 3 M KCl –x M H3PO4 (where x = 0, 0.1, or 1.0) solutions were prepared, and then the pH was adjusted to 7.5 by adding KOH. The constituents and pH of the electrolyte were determined in accordance with a previous study 22.

Polarization measurements. --- To analyze the changes in the corrosion behavior of the Ni specimen based on phosphate concentration in the electrolyte, potentiodynamic anodic polarization measurements were conducted in 0.5 M K-borate– 0.5 M KCl electrolytes with various concentrations of phosphate (0, 0.05, 0.1, 0.5, and 1.0 M) at pH 9.2 under naturally aerated conditions at room temperature. Measurements utilized a conventional three-electrode cell; the counter electrode was Pt, and the reference electrode was Ag/AgCl (3.33 M KCl solution). All potentials cited in this paper are expressed with respect to the standard hydrogen electrode (SHE). The size of the electrode area on the Ni specimen was 1 cm2. The scan rate of the electrode potential was set as 20 mV min−1, in accordance with our previous studies 29,30.
To determine the pitting corrosion initiation site on the Ni specimen and to access the protective ability of the passive film, potentiostatic polarization was performed at 0.43 VSHE in a 0.5 M K-borate – 0.5 M KCl electrolyte with various concentrations of phosphate (0, 0.1, and 1.0 M) at pH 9.2 for 1 h. The polarization setup, including the size of the electrode area and the counter and reference electrodes, was the same as those for the potentiodynamic polarization. After polarization, the specimen surface was rinsed by ethanol, and the corrosion initiation site was examined using a scanning electron microscope (SEM) equipped with an energy-dispersive X-ray spectroscopy (EDS). Passive film structure formed during polarization was analyzed using transmission electron microscope (TEM).
To evaluate the effect of phosphate on pit propagation rate, potentiostatic polarization of the Ni specimen was conducted at 0.60 VSHE in 3 M KCl solutions with various amounts of phosphate (0, 0.1, or 1.0 M) at pH 7.5. For electrolytes without phosphate and with 0.1 M phosphate, measurements continued until anodic current density reached 0.03 A cm−2. In the electrolyte with 1.0 M phosphate, measurements were performed for either 3600 s or 750 s. After polarization, specimen surfaces were rinsed by ethanol and examined for corrosion morphology via SEM.

Microscopy observation. --- A SEM/EDS system (Hitachi High-Tech SU5000/Octane Elite) was employed to characterize the chemical composition of non-metallic inclusions on the Ni specimen and to observe the corrosion morphology after polarization measurements. The SEM/EDS system utilized an accelerating voltage of 15.0 kV. An optical microscope was also used to analyze the corrosion morphology.
[bookmark: _Hlk205803093]To analyze passive film structures on the Ni specimens, potentiostatic polarization at 0.43 VSHE was conducted for 1 h. Then, the specimen surfaces were rinsed by ethanol, and the specimens were cut into cross-sectional direction, and thin samples were prepared using a focused ion beam (FIB) of Ga. Prior to FIB sample preparation, carbon was deposited on the specimen surface to reduce damage to the observation areas. By using these thin samples, the passive film structures on the Ni specimens were analyzed by TEM/scanning TEM (STEM), JEM-ARM300F GRAND ARM, equipped with an EDS system. An accelerating voltage of 300 kV was used for the TEM observations.

Results and Discussion
[bookmark: _Hlk205951848]Specimen characterization. --- The Ni specimen used in this study contained inclusions in its microstructure. Fig. 1 presents an SEM image and corresponding EDS maps of the as-polished surface of the Ni specimen. As shown in Fig. 1a, the diameter of the inclusion is approximately 2 µm. Both Mg and O were detected in the inclusion based on the EDS maps. Thus, the inclusion was identified as magnesium oxide, which is one of the typical inclusions commonly found in Ni-based materials 31, 32.

[bookmark: _Hlk202777431][bookmark: _Hlk202778251]Effect of phosphate in electrolyte on pitting corrosion resistance of Ni. --- To analyze the changes in the corrosion behavior of the Ni specimen by the addition of phosphate to the electrolyte, potentiodynamic polarization measurements were performed. Fig. 2 illustrates the potentiodynamic polarization curves of the Ni specimen in 0.5 M K-borate –0.5 M KCl electrolytes containing various concentrations of phosphate (0, 0.05, 0.1, 0.5, and 1.0 M) at pH 9.2. In all the electrolytes, cathodic currents were measured in the potential range of approximately −0.35 to −0.15 VSHE. Subsequently, anodic currents were measured above the open circuit potentials. In the potential range from 0 to 0.4 VSHE, the anodic current density remained almost constant at approximately 1×‍ 10−6 A ‍cm −2, with no significant increase was observed, indicating the specimen surfaces were well-passivated and no corrosion damage occurs even with Cl− in this potential region irrespective of the different phosphate concentrations.
In the potential range from 0.4 to 0.6 VSHE, logarithmic increase in the anodic current was observed in the electrolytes without phosphate and with 0.05 M and 0.1 M phosphate. Figs. 3a to 3c depict optical microscope images of the specimen surfaces after polarization in these electrolytes. Pitting corrosion was observed on these specimens, suggesting that the increase in anodic current was due to the initiation and propagation of pitting corrosion. The potential at which this logarithmic increase in anodic current was observed progressed in the following order: (lowest) without phosphate < 0.05 M phosphate < 0.1 M phosphate (highest). In other words, as the phosphate concentration in the electrolyte increased, the onset potential for pitting corrosion shifted to higher values. This implies that the pitting corrosion resistance improved with increasing phosphate concentration in the electrolyte.
In the electrolytes with 0.5 and 1.0 M phosphate, no significant logarithmic increase was observed in the aforementioned potential region, with anodic current increasing only slightly with rising potential. From 0.9 VSHE, the anodic current began to rise sharply in the electrolyte with 0.5 M phosphate. On the electrode surface after polarization (Fig. 3d), small pits indicated by arrows were observed in the specimen polarized in the electrolyte containing 0.5 M phosphate, which accounted for the increase in anodic current from 0.9 VSHE as pitting. On the other hand, no such sharp increase was observed in the electrolyte with 1.0 M phosphate. Although the current value increased logarithmically around 1.2 VSHE, no pits were observed on the electrode surface after polarization (Fig. 3e), indicating that this current increase was due to the OER rather than pitting corrosion initiation/propagation. It is remarkable that Ni exhibits exclusive OER selectivity without the initiation of pitting even in the presence of 0.5 M KCl, once a sufficient concentration of phosphate is present in the electrolyte. For practical applications, borate is envisioned to add to electrolytes because it acts as the buffer to maintain the local pH at pH 9.222, and for this reason, borate was included in the electrolytes used in this study. However, in Fig. 2, the concentration of borate was kept constant in all electrolytes, with only the concentration of phosphate ions being varied. Therefore, the observed differences in corrosion behavior are considered to depend on the concentration of phosphate ions.
To summarize the above results, in the electrolytes used in this study, the Ni specimen exhibited pitting as the predominant corrosion morphology. As the phosphate concentration in the electrolyte increased, the onset potential for pitting corrosion shifted to higher values. At a concentration of 1.0 M phosphate, pitting was completely suppressed during polarization. These results indicate that phosphate enhances the pitting corrosion resistance of the Ni specimen. In the electrolytes used in this study (pH 9.2), chloride oxidation is thermodynamically expected to occur at approximately 1.2–1.4 V vs. SHE 33. In contrast, in the presence of a high concentration of phosphate, the pitting potential shifts to more positive values, and even when the potential is increased to the range where chloride oxidation would theoretically occur, no significant pit growth was observed. This indicates that phosphate ions significantly enhance the corrosion resistance of Ni and provide high resistance even under severe conditions at potentials where chloride oxidation can occur.

[bookmark: _Hlk202778532]Initiation site of pitting. --- As mentioned in the previous section, the predominant corrosion morphology on the Ni specimen was pitting. However, on the specimen surfaces in Figs. 3a to 3d, because the pits had already propagated large during potentiodynamic polarization, the initiation sites of these pits could not be confirmed. To clarify the initiation site of pitting, potentiotatic polarization was conducted at 0.43 VSHE in 0.5 M K-borate – 0.5 M KCl electrolyte without phosphate at pH 9.2 (the same electrolyte as the black graph in Fig. 2). This polarization potential (0.43 VSHE) lies within the passive region before the initiation of pitting in the potentiodynamic polarization curves in Fig. 2. Fig. 4a shows the change in the anodic current density during potentiostatic polarization. The anodic current density was initially approximately 1×‍ 10−6 A ‍cm−2, almost equal to the passive current density in the potentiodynamic polarization curves in Fig. 2. After 700 s, the anodic current density logarithmically increased over time. This increase is considered to be due to pitting corrosion. After 1 h (3600 s), the polarization was stopped, and the corrosion morphology on the specimen surface was observed using SEM/EDS.
Fig. 4b shows the SEM image of the corroded area after polarization as shown in Fig. 4a. Because the measurement was terminated at a lower current than in the potentiodynamic polarization in Fig. 2, the early-stage formation of small pits, several micrometers in diameter, was observed. Figs. 4c to 4e display the corresponding EDS maps for the same area as Fig. 4b. Mg was detected inside the several pits, indicated by yellow arrows. As explained in Fig. 1, the Ni specimen used in this study contained magnesium oxide inclusions. Because Mg, which is the component element of the inclusion, was detected inside the pits, the initiation sites of these pits appeared to be magnesium oxide inclusions. Previous studies have also reported that oxide inclusions containing magnesium act as the initiation site of localized corrosion on Ni alloys 32, which is consistent with our results. In the potentiodynamic polarization in Fig. 2, it is reasonable to assume that pits were initiated at magnesium oxide inclusions, and they propagated to form the corrosion morphology shown in Fig. 3.

[bookmark: _Hlk205952265][bookmark: _Hlk202778634]Change in the passive ability of Ni depending on the phosphate concentration. --- As mentioned earlier, the addition of phosphate in the electrolyte improved the pitting corrosion resistance of the Ni specimen. To elucidate the mechanism behind this improvement, the effect of phosphate on the protective ability of passive film on the Ni specimen was examined. The Ni specimen was potentiostatically polarized at 0.43 VSHE in 0.5 M K-borate – 0.5 M KCl electrolytes with various concentrations of phosphate (0, 0.1, and 1.0 M) at pH 9.2, and the results are shown in Fig. 5. This potential (0.43 VSHE) is situated in the passive region, before the initiation of pitting in the potentiodynamic polarization curves shown in Fig. 2. The electrolyte without phosphate (black graph) corresponding to the same data shown in Fig. 4a. 
[bookmark: _Hlk205952639][bookmark: _Hlk205952732]In Fig. 5, in the electrolyte without phosphate, the anodic current increase by more than one order of magnitude after approximately 700 s. This is attributed to the pit initiation, as explained in the previous section. The specimens in the electrolytes containing 0.1 M and 1.0 M phosphate initially exhibited higher current values, whereas the values quickly decreased to lower current levels than that in the electrolyte without phosphate. In the electrolyte with 0.1 M phosphate, only a slight increase in anodic current was observed after 500 s, and for most of the polarization period, the anodic current was smaller compared to that in the electrolyte without phosphate. Because lower anodic current during potentiostatic polarization at the passive potential region indicates the formation of more stable and protective passive film 34, 35, it is considered that a more protective passive film was formed in the electrolyte with 0.1 M phosphate compared to the electrolyte without phosphate. In the electrolyte with 1.0 M phosphate, the anode current continued to decrease, with no increase observed at all. As a result of the continuous decrease in anode current, cathodic current rather than anodic current was measured after approximately 900 s (the cathodic current became relatively greater than the anodic current as a result). In other words, the corrosion potential of the specimen continuously increased and, after 900 seconds, exceeded the polarization potential, resulting in the measurement of cathodic current. Such a pronounced change in the corrosion potential, and the result that the anodic current measured during polarization was much lower than those in other electrolytes, indicate the growth and enhanced protective properties of the passive film in the phosphate-containing electrolyte 34, 35. The above results demonstrate that the presence of phosphate enhanced the protective ability of the passive film on the Ni specimen. 

[bookmark: _Hlk205952927]Structural and compositional changes in the passive film on Ni induced by phosphate. --- In the previous section, it was clarified that the protective ability of passive film improved with the addition of phosphate to the electrolyte. To analyze the changes in the passive film caused by phosphate in more detail, specimens subjected to the potentiostatic polarization in Fig. 5 were cut in cross-sectional direction, and the interfaces between the Ni matrix and the passive film were observed by STEM, as shown in Fig. 6. In Fig. 6a, a passive film consisting of a single layer was formed on the specimen polarized in the electrolyte without phosphate. Conversely, in the electrolytes with 0.1 M and 1.0 M phosphate shown in Figs. 6b and 6c, passive films composed of two layers, an inner layer and an outer layer, were formed on specimens. It is evident that the structure of the passive film was significantly altered by the presence of phosphate in the electrolyte. 
[bookmark: _Hlk205799970]As shown in Figs. 6d to 6h, the atomic structures of the passive films were also analyzed. For specimens polarized in electrolytes with phosphate, electron diffraction patterns for both the inner and outer layers are presented in Figs. 6e to 6h. For the specimen polarized in the electrolyte without phosphate, the surface film is highly susceptible to radiation damage from the electron beam, and it made acquiring electron diffraction pattern difficult, Fast Fourier Transform pattern is provided in Fig. 6d instead. It is possible that this vulnerability is related to the thinness of the film and its low atomic density. In the electrolyte without phosphate shown in Fig. 6d, the presence of distinct spots — indicated by the circles and squares — implies the passive film possesses a crystalline structure. These spots suggest that the film is composed of Ni(OH)2 and NiO. On the other hand, attention should be given to the passive films formed in phosphate-containing electrolytes (Figs. 6e and 6h), where the outer layers exhibit crystalline structures (NiO), while the inner layers display ring-like halo patterns characteristic of amorphous structures. Furthermore, as the phosphate concentration increased, the thickness of this amorphous inner layer increased as shown in Figs. 6b and 6c.
As explained earlier in Fig. 5, based on the results of potentiostatic polarization, the protective ability of the passive film was enhanced by the addition of phosphate to the electrolyte. The excellent protective ability observed in the electrolytes with phosphate is likely attributed to the presence of this amorphous layer. Previous studies have indicated that amorphous structures exhibit better corrosion resistance than crystalline structures 36–39. Shin et al. investigated the in vivo and in vitro corrosion resistance of various metal oxide coatings and found that amorphous oxides exhibited better corrosion resistance than crystalline oxides 37. Yang et al. studied the corrosion behavior of Fe-based coatings with different portions of the amorphous/crystalline phase in 0.6 M NaCl solution and reported that the corrosion resistance of the coating deteriorated with the increase in the amount of crystalline phase 39. According to Hashimoto et al., although crystalline structures have crystal defects, which can function as nucleation sites for corrosion, amorphous structures do not include such defects, resulting in superior corrosion resistance 36. Based on these studies, it can be reasonably inferred that the amorphous passive film formed in electrolytes with phosphate has better protective ability than the crystalline passive film formed in the electrolyte without phosphate. In other words, the formation of amorphous passive film and the increase in its thickness contributed to the improvement of the protective ability of the passive film with increasing phosphate concentration in the electrolyte. In general, the susceptibility to pit initiation depends on the characteristics of inclusions that act as initiation sites, such as their size and shape, as well as the protective properties of passive film 40, 41. In this study, changes in passive film characteristics induced by phosphate are likely to contribute to the suppression of pit initiation.
[bookmark: _Hlk205953217]For the specimens polarized in the electrolytes with 0.1 and 1.0 M phosphate, STEM/EDS line analysis was conducted from the Ni matrix toward the passive film, as shown in Fig. 7. As depicted in Figs. 7a and 7d, the analysis covered a distance of 200 nm, starting from the Ni matrix, passing through the passive film, and extending into the carbon deposition (formed during TEM sample preparation) above it. Figs. 7b and 7e show the changes in atomic composition as a function of distance from the starting point of the analysis. Figs. 7c and 7f are enlarged views focusing on the regions of low element concentrations in Figs. 7b and 7e, respectively. In these graphs, the regions with a blue background denote the passive film. The important point is that for both specimens polarized in the electrolytes with 0.1 M and 1.0 M phosphate, P was detected in the passive films. This clearly suggests that in electrolytes with phosphate, P was incorporated into the passive films on the Ni specimens. Other anion species such as Cl were not detected in the passive film. Further analysis is required to clarify the details, but it is possible that such compositional differences (presence of P) in the passive films are related to the structural differences caused by phosphate addition to the electrolyte, as shown in Fig. 6. In the previous study, XPS measurements of NiFeOx were performed after OER performance tests using electrolytes with and without phosphate at pH 9.2, close environments of this study, and reported that the addition of phosphate to the electrolyte resulted in a shift of the Ni 2p binding energy, which is consistent with the formation of Ni–phosphate22. Based on this result, it is highly likely that Ni–phosphate was also formed on the Ni specimens in this paper. 
[bookmark: _Hlk205953426][bookmark: _Hlk205800738]Incidentally, for the specimens in the electrolytes with 0.1 M and 1.0 M phosphate (Figs. 7c and 7f), the maximum P contents in the passive films were 1.4 at.% and 1.2 at.%, respectively, indicating little difference between them. On the other hand, as shown in Fig. 6, the specimen in the electrolyte with 1.0 M phosphate had a thicker passive film, and therefore, P was detected over a wider range in Fig. 7 as well. Incidentally, for the specimen polarized in the electrolyte without phosphate, no P was detected in the passive film. However, because the passive film formed in the electrolyte without phosphate is highly susceptible to radiation damage from the electron beam as mentioned earlier, it was not possible to obtain a sufficient EDS count for reliable quantitative analysis. In the EDS results in Fig. 7, C was detected in the passive film. During TEM specimen preparation, a thin layer of C was deposited on the specimen surface to reduce damage to the observation areas. The C signal detected from the passive film region is likely due to the deposited C layer, and some of the deposited C may have adhered to the sample surface during FIB sectioning.

[bookmark: _Hlk202778816]Relationship between the pH buffering effect of phosphate and pit propagation behavior on Ni. --- As described above, the addition of phosphate to the electrolyte was found to alter the structure of the passive film and enhance its protective ability, contributing to the improved pitting corrosion resistance. The pitting corrosion process involves two stages: initiation and propagation. It is considered that above change in passive film properties contributes to the suppression of pitting initiation. In addition to the changes in the passive film, another factor that may contribute to the improvement of pitting corrosion resistance is the pH buffering effect provided by phosphate, which could lead to the suppression of pitting propagation. The corrosion environment in this study (pH 9.2) corresponds to the passive region of Ni, where a passive film composed of Ni(OH)2 can stably exist on the Ni surface 33. However, when pitting corrosion occurs, acidification inside the pit is caused by the hydrolysis of Ni ions (Ni2+ + 2H2O  Ni(OH)2 + 2H+) 42. Because of this acidification, the pH inside the pit is assumed to lower zero or even below zero 42. This promotes the transition of Ni from a passive to an active state, accelerating active dissolution and resulting in the propagation of the pit. On the other hand, in the electrolyte containing phosphate, phosphate can be transformed into various species depending on the pH, leading to pH buffering through equilibrium reactions between different ionic forms, thereby suppressing sudden pH fluctuations. Around pH 7, the equilibrium reaction between H2PO4− and HPO42− provides buffering by accepting and donating H+ (H2PO4−  HPO42−+H+), while near pH 2, the equilibrium between H3PO4 and H2PO4− is responsible for the buffering action (H3PO4 H2PO4−+H+). In other words, in electrolytes with phosphate, even if a pit is initiated on the Ni specimen, acidification inside the pit is expected to be suppressed, thereby preventing the transition of Ni from the passive to the active state and subsequent propagation of the pit. 
To verify above prediction, potentiostatic polarization was conducted in 3 M KCl electrolytes with various amounts of phosphate (0, 0.1, or 1.0 M) at pH 7.5. To facilitate initiation of pits, the Cl concentration was increased and the pH was lowered compared to the electrolytes used in the previous sections. The polarization potential was 0.60 VSHE. Figure 8a shows the changes in the anodic current of the Ni specimens during potentiostatic polarization. For the specimen polarized in the electrolyte without phosphate, the anodic current rapidly increased within a few seconds after the beginning of polarization. After the anodic current reached 0.03 A cm−2, polarization was stopped and the specimen surface was observed using SEM, as shown in Fig. 8b. It was observed that some pits were formed and propagated to approximately 100 µm in diameter. 
[bookmark: _Hlk202778916]In the electrolyte with 0.1 M phosphate, the change in the anodic current was similar to that in the electrolyte without phosphate: the current increased rapidly after the beginning of the measurement. However, the rate of current increase was slower than that in the electrolyte without phosphate. For this specimen as well, polarization was stopped when the current reached 0.03 A cm−2, then the specimen surface was observed, as exhibited in Fig. 8c. Pits with diameters of approximately 100 µm, which is almost the same size as those in the electrolyte without phosphate, were observed. However, the slower increase in current indicates that the propagation rate of the pits to this size was slower than that in the electrolyte without phosphate.
In the electrolyte with 1.0 M phosphate, the anodic current initially increased to approximately 4 ×‍ 10−4 A ‍cm−2, but subsequently decreased, and after about 100 s, the current began to rise again. On the surface of the specimen after polarization (Fig. 8d), pits were observed, similar to the other specimens. The measurement in the 1.0 M phosphate-containing electrolyte shown in Fig. 8 was continued for 3600 s; additionally, a specimen in which polarization was stopped after 750 s in the same 1.0 M phosphate-containing electrolyte was also prepared, as indicated by the yellow graph in Fig. 9a. In Fig. 9a, the graph for the specimen polarized for 3600 s is also exhibited for reference; this is the same data as shown in Fig. 8a. The surface observation results after stopping polarization at 750 s are shown in Figs. 9b to 9d. While no pits were observed at low magnification (Fig. 9b), at higher magnification shown in Figs. 9c and 9d, small pits were observed. This indicates that even in this electrolyte with 1.0 M phosphate, pit initiation had occurred at 750 s. However, as seen in the specimen polarized for a longer time (red graph in Fig. 8), the subsequent current increase was significantly slower than that observed in electrolytes without and with 0.1 M phosphate. In other words, even if pits initiated, the propagation rate of the pits was clearly much slower compared to the other electrolytes. To summarize the results in Figs. 8 and 9, it was revealed that even if pits initiated on the Ni specimen, phosphate in the electrolyte suppressed subsequent propagation rate of the pits. As mentioned earlier, the propagation of pits is predominantly attributed to acidification inside the pits, and thus, it is highly plausible that the suppression of acidification due to pH buffering effect of phosphate contributed to the suppression of the pit propagation. 


Conclusions 
1. Based on polarization measurements, the predominant corrosion morphology of the Ni specimen is pitting in 0.5 M K-borate – 0.5 M KCl electrolytes at pH 9.2. The addition of phosphate to the electrolyte improved the pitting corrosion resistance of the Ni specimen. This improvement of pitting corrosion resistance appeared to be attributed to 1) change in the passive film on Ni and 2) suppression of pit propagation, as explained below.
2. Potentiostatic polarization in the passive region of the Ni specimen demonstrated that the protective ability of the passive film was enhanced by phosphate addition. STEM/EDS observations revealed that when phosphate was added to the electrolyte, P was incorporated into the passive film of Ni, transforming the film structure from crystalline to amorphous. Considering that the amorphous structure shows better corrosion resistance than crystalline structure, this change in the passive film structure contributed to the improved protective ability. 
3. When phosphate was added to the electrolyte, even if pits initiated on the Ni specimen, further pit propagation was inhibited. Because the propagation of pits is predominantly attributed to acidification inside the pits, it is highly plausible that the pH buffering effect of phosphate contributes to the suppression of the pit propagation.
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Figure 1	(a) SEM image and (b–d) corresponding EDS maps of an inclusion on an as-polished Ni specimen.
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Figure 2	Potentiodynamic anodic polarization curves of Ni specimens in 0.5 M K-borate– 0.5 M KCl electrolytes with various concentrations of phosphate (0, 0.05, 0.1, 0.5, and 1.0 M) at pH 9.2.
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Figure 3	Optical microscopy images of NI specimens after polarization in Ni specimens in 0.5 M K-borate– 0.5 M KCl electrolytes (a) without and (b-e) with phosphate at pH 9.2 shown in Fig. 2. The phosphate concentration was (b) 0.05, (c) 0.1, (d) 0.5, and (e) 1.0 M. The arrows in (d) indicate small pits present on the surface.
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Figure 4	(a) Change in the anodic current density with time during potentiostatic polarization of the Ni specimen at 0.43 VSHE in 0.5 M K-borate– 0.5 M KCl electrolyte without phosphate at pH 9.2. (b) SEM image of the corroded area and (c-e) corresponding EDS maps after the polarization shown in (a).
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Figure 5	Changes in the current densities with time during potentiostatic polarization of Ni specimens at 0.43 VSHE in 0.5 M K-borate– 0.5 M KCl electrolytes with various concentrations of phosphate (0, 0.1, and 1.0 M) at pH 9.2.
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[bookmark: _Hlk205955441]Figure 6	(a-c) STEM images of the cross-sections of Ni specimens after potentiostatic polarization in 0.5 M K-borate–0.5 M KCl electrolytes with various concentrations of phosphate (0, 0.1, and 1.0 M) at pH 9.2 as shown in Fig. 5. (d) Fast Fourier Transform pattern and (e-h) electron diffraction patterns obtained on the passive films of Ni specimens.
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Figure 7	Changes in atomic composition around the passive films of Ni specimens after polarization in 0.5 M K-borate– 0.5 M KCl electrolytes with (a-c) 0.1 M and (d-f) 1.0 M phosphate. (c) and (f) are enlarged graphs focusing on the low concentration regions in (b) and (e), respectively.
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Figure 8	(a) Changes in the anodic current densities with time during potentiostatic polarization of Ni specimens at 0.60 VSHE in 3 M KCl electrolytes various concentrations of phosphate (0, 0.1, and 1.0 M) at pH 7.5. (b-d) SEM images of the surfaces of Ni specimens after polarization.
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Figure 9	(a) Changes in the anodic current densities with time during potentiostatic polarization of Ni specimens at 0.60 VSHE in 3 M KCl electrolyte with 1.0 M phosphate for 3600 s and 750 s. (b-d) SEM images of the surface of the Ni specimen polarized for 750 s at (b) low and (c, d) high magnification.

Table
Table 1		Chemical composition of the pristine Ni plate (mass%).

	C
	Si
	Mn
	S
	Cu
	Fe
	Mg
	Ni

	0.001
	0.07
	0.17
	0.001
	0.01
	0.01
	0.001
	99.7
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List of captions
Figure 1	(a) SEM image and (b–d) corresponding EDS maps of an inclusion on an as-polished Ni specimen.
Figure 2	Potentiodynamic anodic polarization curves of Ni specimens in 0.5 M K-borate– 0.5 M KCl electrolytes with various concentrations of phosphate (0, 0.05, 0.1, 0.5, and 1.0 M) at pH 9.2.
Figure 3	Optical microscopy images of NI specimens after polarization in Ni specimens in 0.5 M K-borate– 0.5 M KCl electrolytes (a) without and (b-e) with phosphate at pH 9.2 shown in Fig. 2. The phosphate concentration was (b) 0.05, (c) 0.1, (d) 0.5, and (e) 1.0 M. The arrows in (d) indicate small pits present on the surface.
Figure 4	(a) Change in the anodic current density with time during potentiostatic polarization of the Ni specimen at 0.43 VSHE in 0.5 M K-borate– 0.5 M KCl electrolyte without phosphate at pH 9.2. (b) SEM image of the corroded area and (c-e) corresponding EDS maps after the polarization shown in (a).
Figure 5	Changes in the current densities with time during potentiostatic polarization of Ni specimens at 0.43 VSHE in 0.5 M K-borate– 0.5 M KCl electrolytes with various concentrations of phosphate (0, 0.1, and 1.0 M) at pH 9.2.
[bookmark: _Hlk201241373]Figure 6	(a-c) STEM images of the cross-sections of Ni specimens after potentiostatic polarization in 0.5 M K-borate– 0.5 M KCl electrolytes with various concentrations of phosphate (0, 0.1, and 1.0 M) at pH 9.2 as shown in Fig. 5. (d) Fast Fourier Transform pattern and (e-h) electron diffraction patterns obtained on the passive films of Ni specimens.
Figure 7	Changes in atomic composition around the passive films of Ni specimens after polarization in 0.5 M K-borate– 0.5 M KCl electrolytes with (a-c) 0.1 M and (d-f) 1.0 M phosphate. (c) and (f) are enlarged graphs focusing on the low concentration regions in (b) and (e), respectively.
Figure 8	(a) Changes in the anodic current densities with time during potentiostatic polarization of Ni specimens at 0.60 VSHE in 3 M KCl electrolytes various concentrations of phosphate (0, 0.1, and 1.0 M) at pH 7.5. (b-d) SEM images of the surfaces of Ni specimens after polarization.
Figure 9	(a) Changes in the anodic current densities with time during potentiostatic polarization of Ni specimens at 0.60 VSHE in 3 M KCl electrolyte with 1.0 M phosphate for 3600 s and 750 s. (b-d) SEM images of the surface of the Ni specimen polarized for 750 s at (b) low and (c, d) high magnification.
Table 1		Chemical composition of the pristine Ni plate (mass%).
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