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Abstract

Passivation behavior of type 304 stainless steel in a non-aqueous alkyl carbonate 

solution containing LiPF6 salt was studied using electrochemical polarization, X-ray 

photoelectron spectroscopy (XPS) and time of flight – secondary ion mass spectroscopy

(ToF-SIMS). Cathodic polarization to 0 V vs. Li/Li+ resulted in most but not complete 

reduction of the air-formed film from oxides to metal on the stainless steel, as 

                                                  
*Corresponding author
Tel/fax: +81-19-621-6330
E-mail: yashiro@iwate-u.ac.jp
Tel/fax: +81-19-621-6345
E-mail: smyung@iwate-u.ac.jp

* Revised Manuscript (including Abstract)

http://ees.elsevier.com/electacta/viewRCResults.aspx?pdf=1&docID=9903&rev=2&fileID=280362&msid={F45BE4EE-95CA-4F78-8F8C-B700E44AEF00}


Page 2 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

2

confirmed by XPS. For complete elimination of the air-formed film, the surface of the 

stainless steel was scratched under anodic polarization conditions. At 3 V vs. Li/Li+

where an anodic current peak appeared, only an indistinct layer was recognized on the 

newly scratched surface, according to ToF-SIMS analysis. Above 4 V vs. Li/Li+, 

substantial passive films were formed, which were composed of oxides and fluorides of 

iron and chromium. The origin of oxide was due to water contained in the non-aqueous 

alkyl carbonate solution, and that of fluorides were the result of the decomposition of 

electrolytic salt, LiPF6, especially at higher potential. The resultant passive films were 

stable in the non-aqueous alkyl carbonate solution containing LiPF6 salt.  

Keywords; Type 304; Stainless steel; Scratch; Non-aqueous solution; Passive film; 

Corrosion resistance; ToF-SIMS

1. Introduction

Stainless steels have been widely used because their air-formed films based on 

(Cr, Fe) oxides on the surface protect the metal bulk from general corrosion. The 

passivation mechanism of stainless steels in aqueous solutions has been extensively 
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studied [1-3]. Passive films are believed to be oxides/hydroxides containing water

molecules, especially when formed in aqueous solution. Cathodic polarization 

treatments are commonly adopted prior to anodic polarization in order to approximate 

the surface to a bare state although all of these oxide films could not be reduced to 

meals in aqueous solutions. Increasing the potential causes active dissolution of the 

metal ingredients to form (Cr, Fe) oxides on the surfaces of metal bulk. The resulting 

oxide layer is the passivation film. Fe-oxides are selectively soluble at lower pH so that 

Cr-oxides are the major constituent of the film. Alternatively, Cr-oxides are 

preferentially dissolved at higher pH and potential, and the outer layer of the stainless 

steel is mainly composed of an Fe-oxide layer. Passivation in such a manner provides a 

significant corrosion resistance to stainless steel. However, most non-aqueous organic 

solutions will not allow passivation this way due to lack of water molecules in the 

electrolyte.

A good example of metal passivation in an anhydrous solution is in lithium 

batteries. Lithium batteries are completely sealed in compact housings to avoid contact 

with water molecules that detrimentally effect battery performance. In the system, 

electroactive materials are coated to metallic foil current collectors. The current 

collector should be electrochemically stable in contact with cell components over the 
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operation potential window of used electrodes. Therefore, Al foil is widely used as the 

current collector for lithium battery applications since the air-formed oxide, Al2O3, of Al 

passivates well in LiPF6, LiClO4, and LiBF4-containing alkyl carbonate solutions [4-7]. 

There remains a lack of information on the passivity of metals in organic and 

mixed aqueous/non-aqueous solutions. In 1974, Heitz reviewed the state of the 

understanding of the corrosion of metals and alloys in organic solvents [8].  Kurger et 

al. [9-12] observed that type 304 stainless steel readily passivated up to 4.9 V vs. Li/Li+

in LiClO4/PC, even though the detailed passivation mechanism was not clarified. 

Komaba et al. [13] evaluated a positive electrode material by applying LiMn2O4 active 

material on a stainless steel current collector. Stainless steels are still being employed as 

cell cases with uncertain chemistries. In this study, passivation process of type 304 in a

non-aqueous alkyl carbonate solution containing LiPF6 salt as an electrolyte is reported.

2. Experimental

To follow the electrochemical behavior of commercial type 304 stainless steel 

foil with10 m thickness in LiPF6 contained alkyl carbonate solution, Al pouch cells 

were fabricated in an Ar-filled glove box. The nominal chemical composition of the 

type 304 stainless steel is described in Table 1. The stainless steel foil was used as
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received. Prior to use, the specimen surface was cleaned ultrasonically in acetone. The 

electrochemical cells consisted of the stainless steel foil (0.283 cm2) as a working 

electrode and lithium metal sheets as counter and reference electrodes were separated by 

a porous polypropylene separator, where 1 M LiPF6 in ethylene carbonate (EC) –

dimethyl carbonate mixture (DMC) (1:1 ratio by volume) was contained as an 

electrolyte. 

Two methods were used to study the passivation behavior of the bare surface of 

the specimen. The first method used an electrochemical cell that was first cathodically 

polarized to 0 V vs. Li/Li+ from an open circuit potential (OCP). The polarization was 

continued in the anodic direction up to 5 V vs. Li/Li+ by sweeping 10 mV s-1 at 40 oC. 

The scanning was performed in triplicate.

The stainless steel foil polarized to 0 V vs. Li/Li+ was rinsed with a salt-free 

DMC solution overnight in a glove box to remove residual LiPF6 salt. The specimen 

was transferred to an X-ray photoelectron spectroscopy (XPS, ULVAC-PHI 5600)

chamber without exposure to air. XPS analysis was performed with a monochromatic 

Al-K source. The take-off angle of the emitted photoelectrons was typically adjusted 

to 45o with respect to the surface. The depth scale for sputtering was calibrated relative 

to the anodically formed SiO2 standard layers. The sputter rate was determined to be 2.7 
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nm min-1 for the applied conditions of the Ar-ion gun. Values of binding energies of the 

XPS standard peaks reported in the available literatures were used in this study [14].

The second method used scratch in the surface of stainless steel foil under a 

polarized condition. Thus, the specimen was cathodically polarized to 0 V vs. Li/Li+

from OCPs and then anodically polarized to 3, 4, and 5 V vs. Li/Li+ by sweeping 10 mV 

s-1 at 40 oC. After reaching the potentials, the surface of the stainless steel electrode 

(disc,  8 mm) was briefly scratched by a diamond polishing tip rotating at 100 rpm in a

specially designed PTFE cell (Fig. 1) in an Ar-filled box. After the scratch, polarizations 

were immediately performed at each potential for 300 seconds in a transient mode.

The scratched surfaces of the stainless steel after the polarization were examined 

by time-of-flight secondary ion mass spectroscopy (ToF-SIMS, ULVAC-PHI TFS2000, 

Perkin Elmer) at 10-9 Torr. The electrodes were washed with a salt-free DMC solution

overnight in a glove box to remove the remaining LiPF6 salt. This instrument was also 

equipped with a liquid Ga+ ion source and pulse electron flooding. During analysis, the 

targets were bombarded by pulsed 15 keV Ga+ beams. The total collection time was 

1000 s over a 12 x 12 m area.

3. Results and discussion
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Figure 2 shows three consecutive cyclic voltammogram (CV) of type 304 

stainless steel measured at 40 oC. Polarization started for the cathodic direction from the 

open circuit potential (OCP). A cathodic peak between 1 and 2 V vs. Li/Li+ is supposed

as the reduction of the air-formed Fe and/or Cr-oxides films to metal, the electrolytic 

salt formation of Li2O, and the formation of the solid electrolyte interfacial (SEI) layer 

[15]. Similar to the first cycle, the distinct cathodic peak at 1 V – 2 V vs. Li/Li+ in the 

second cycle indicates that the anodically formed films were reduced almost to metals.

A distinct cathodic peak near 0.5 – 0.7 V vs. Li/Li+ could be assigned to the under 

potential deposition (UPD) of Li on the stainless steel surface. In the anodic direction, 

the anodic peak appearing at 1.1 V – 1.3 V vs. Li/Li+ would result from the oxidation of 

the deposited Li. UPD and the corresponding oxidation of Li were also progressive at a 

lower potential, though the redox potential was slightly shifted. The magnitude of the 

current in the potential range of 0 – 2.0 V vs. Li/Li+ decreased in the second cycle.

Another anodic peak was observed at 2 V vs. Li/Li+, which is assumed to be an 

oxidation process of Cr metals to oxides. However, the oxidation reaction was not 

apparent at the potential from the second cycle. In the range of 2.8 – 3.8 V vs. Li/Li+ to 

the noble potential, a small anodic peak was observed due to the oxidation of Fe0 and/or 

CrIII. The corresponding reduction process was observed in the same potential range. A 
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slightly increased anodic current was found at 2.8 V – 3.8 V vs. Li/Li+ in the second 

cycle, and was slightly greater at the third cycle. This means that passive film of the 

stainless steel was formed at this potential. After the active dissolution, the anodic 

current was maintained at a very low level (≤ 15 A) up to 5 V vs. Li/Li+ as shown in 

the inset of Fig. 2, implying that the passive films were further stabilized. No significant 

change appeared in the current near 5 V vs. Li/Li+ during repetitive CV scanning. In fact, 

the air-formed surface film of type 304 stainless steel is composed of Fe- and Cr-oxides. 

The presence of oxide layers prevents the general corrosion of the stainless steel. From

a thermodynamic consideration, however, Cr itself, which is one of the main elements 

of type 304 stainless steel, can be completely oxidized to hexavalent at 4.33 V vs. Li/Li+

that is obtained by a simple conversion of the SHE potential (1.33 V vs. SHE [16]) to 

the potential versus Li metal. In this experiment, the used non-aqueous electrolyte 

contains a negligible amount of water, less than 50 ppm. Thus, the activity of water in 

the system is too small for transpassivation of CrIII to occur below 5 V vs. Li/Li+. Based 

on the pH-potential map, those reactions may occur at a much higher potential [17]. 

However, due to the instability of electrolyte at higher potential, it was not possible to 

increase the potential higher than 5 V vs. Li/Li+. The expected dissolution did not occur 

significantly to 5 V vs. Li/Li+ in the non-aqueous electrolyte (Fig. 2), revealing that the 
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stainless steel was well passivated in the LiPF6-containing alkyl carbonates solution. 

To follow the passivation of type 304 stainless steel, XPS measurements were 

performed using the polarized electrode to 0 V vs. Li/Li+ from the OCP. Figure 3 shows 

the corresponding XPS spectra of Fe2p and Cr2p spectra after the cathodic polarization. 

In the as-polarized state, Fe metal and oxides peaks were seen in Fig. 3a. Due to the 

disturbance of the formed SEI film in the most outer surface, the chemical states of Fe 

and Cr elements after the polarization could not be clearly observed. For this reason, 

Ar-ion etching was done for two minutes to remove the SEI layer and/or 

air-contaminates during sampling. After etching, the Fe metal-related peak (707 eV) 

was primarily observed with a very small trace of FeIII-oxide (711 eV), after which,

there was no increase in the FeIII-oxide as the etching time increased. For the Cr spectra

in Fig. 3b, etching for two minutes resulted in the advent of Cr metal (574.4 eV) and

CrIII-oxide (577 eV), after which the reflection of Cr metal is getting stronger with 

increasing sputtering time. Even though the stainless steel electrode was reduced to 0 V

vs. Li/Li+, the presence of oxide peaks belonging to metal oxides (FeIII-O and CrIII-O) 

was still confirmed. It is likely that either the original air-formed layer was not 

completely eliminated or contact with air during the sample handling for the 

measurement may have elicited the negligible traces of oxides in Fig. 3.  
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It was first hypothesized that if the air-formed layers were completely reduced to 

Fe and Cr metals through the cathodic polarization to 0 V vs. Li/Li+, it would be 

possible to expect the passivation process of the metallic elements up to 5 V vs. Li/Li+ .

Unfortunately, the air-formed passive layer remained after the polarization. Thus, to 

form a new oxide-free new surface, the stainless steels were first cathodically polarized 

to 0 V vs. Li/Li+ and anodically polarized to 3 V, 4 V, and 5 V vs. Li/Li+ at 40 oC. As 

soon as the potential reached the desired potentials, the remaining oxide passive layer 

was mechanically scratched using a diamond polishing tip with 100 rpm in a specially 

designed H-type cell at 40 oC (Fig. 1). It was assumed that the oxide layer was 

completely removed by the scratching, and the newly formed metallic surfaces were 

subsequently polarized in a transient mode for 300s at 40 oC in the H-type cell.

Figure 4 displays the results of current and time curves of the scratched

electrodes polarized at 3 V, 4 V, and 5 V vs. Li/Li+ at 40 oC. The abrupt decay of current 

in the early state (within 30s) and retention of the current at a lower level during the 

polarization clearly indicates the formation and growth of a passive layer for all cases 

without critical defects that can be caused by corrosion on the scratched film. If the 

passive film was not stabilized, the resulting transient current should fluctuate or 

increase due to breakdown. After the fast decay of the transient current, the current
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retained at a very low level. This implies that as soon as the whole surface is well 

covered by the passive film, the current, which is necessary to maintain the passivation,

becomes very low. However, it is difficult to compare the absolute value of the current

depending on the potential because the scratched area of the electrode could not be 

controlled. 

After the polarization in Fig. 4, the electrodes were analyzed with ToF-SIMS to 

follow the passivation. Since the groove possessing the newly formed passive layer is 

very narrow (~ 20 m in Fig. 5a and b), XPS, which analyzes relatively a large area 

(400 m x 400 m), could not be employed for the measurement. This means that, the 

information on the unscratched part can be merged with the scratched part in spectra 

during measurement, if XPS is used. For this reason we used ToF-SIMS that is able to 

produce a small ion beam (Ga+), less than (12 m x 12 m). Though quantitative 

analysis is difficult by ToF-SIMS, the technique has a very high sensitivity for the 

qualitative surface analysis of molecule ions detection, even though the analyzing area 

is very narrow. Figure 5a depicts a clear vestige of the scratch, and the resulting

secondary ion mapping image of the polarized electrode at 3 V vs. Li/Li+ is displayed in 

Fig. 5b. Figure 5b was obtained without bunching of the primary Ga+ ions so that a clear 

image of secondary ions could be collected for the area (240 m x 240 m). For 
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analysis, the raster size was focused to 12 m x 12 m and the center of the newly 

formed groove (marked by arrow) was investigated using bunched Ga+ ions for better 

mass resolution. In the as-polarized region, some fragments of oxides and fluorides 

(such as CrO+, CrF+, FeO+, and FeF+) were detected, and the resulting intensities were 

weak less than 300 counts in Fig. 5c. No significant changes were observed, even after 

Ga+ ions beam etching (240 m x 240 m) for 10s in Fig. 5d. Further etching by Ga+

ions demonstrates that no other compounds remained on the new surface (Fig. 5e-g). As 

shown in the inset of Fig. 2, the rise of current indicates that active dissolution of metal 

elements was occurring at 3 vs. Li/Li+. It is likely that the formed film might be thin and 

not well-organized in the potential range, as confirmed by ToF-SIMS. 

As shown in Fig. 4, the scratched groove under polarization at 4 V vs. Li/Li+

was also examined. The observed image of Fig. 6a coincides with that of Fig. 6b. The 

width of the scratched groove was approximately 20 m. The electrode polarized at 4 V

vs. Li/Li+ showed a strong secondary ion intensity on the groove in Fig. 6b, which was 

different from the secondary ion mapping image of the polarized electrode at 3 V vs. 

Li/Li+. As shown in Fig. 6d-f, etching for 10s resulted in a significant increase in the 

CrF+ and CrO+ fragments. On the other hand, the developments of FeF+ and FeO+

fragments were seemed to be slower in Fig. 6d-f than those of Cr-containing compounds. 
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The CrF+ fragment remained throughout the ToF-SIMS measurement in Fig. 6c-g. At

the potential (4 V vs. Li/Li+), the active dissolution of metal was already terminated 

near 3.8 V vs. Li/Li+ so that the corresponding current stayed in a very low level 

approximately 7 A cm-2, as shown in the inset of Fig. 2. It is believed that the newly 

formed passive film is thick and well-constructed with two components, oxides and 

fluorides. 

Investigation was also performed after the polarization at 5 V vs. Li/Li+. The 

intensity of the secondary ions of the scratched parts was very high in Fig. 7b. Similar 

to 4 V vs. Li/Li+, CrO+, CrF+, FeO+, and FeF+ fragments were strongly present in Fig. 

7c. Interestingly, the intensity for the FeO+, and FeF+ fragments appeared much stronger 

at 5 V vs. Li/Li+ in comparison with Fig. 6. CrF+ and FeF+ fragments were much 

intensified at 5 V vs. Li/Li+ in Fig. 7f, although the CrF+ shows a much higher intensity

in Fig. 8b. It is clear that the new surface was well passivated with (Fe, Cr)-oxides and 

(Fe, Cr)-fluorides. The formation of those fluoride layers on the surface indicates that 

the newly formed surface experienced reactions with the LiPF6-contained electrolyte.

In an OCP state, the outer surface of type 304 stainless was passivated with 

air-formed thin oxides layer, which protects general corrosion. Cathodic polarization to 

0 V vs. Li/Li+ from the OCP may result in the reduction of metal oxides to metals by the 
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following reactions, as schemed in Fig. 9: 

Cr2O3 + 6Li+ + 6e- 2Cr + 3Li2O     (1),

Fe2O3 + 6Li+ + 6e- 2Fe + 3Li2O     (2).

Accordingly, majority of the metallic peaks for the Cr and Fe was derived from the 

above reactions though small portions of oxides were remained in the XPS spectra of 

Fig. 3. Similar tendency was observed in the lithiated Cr2O3 thin film reported by Li et 

al. [18] With increasing potential, the anode peak associated with the active dissolution 

near 2.8 to 3.8 V vs. Li/Li+ (Fig. 2) gave rise to the passivation of the stainless steel 

electrode. The passivation of the stainless steel was observed to be in progress at an

intermediate potential of 3 V vs. Li/Li+ and the resulting film was thin. The traces of 

metal-oxide fragments (Fig. 5) could be ascribed to the active dissolution of metal to 

oxide on the most outer surface:

2Cr + 3Li2O  Cr2O3 + 6Li+ + 6e-     (3),

2Fe + 3Li2O  Fe2O3 + 6Li+ + 6e-     (4).
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After completion of the active dissolution near 4 V vs. Li/Li+, the appearances of strong 

fragments (CrF+, CrO+, FeO+, and FeF+) in Fig. 6 clearly demonstrated that the outer 

surface of the stainless steel was well constructed by those compounds on the metal 

bulk. In fact, LiPF6-based electrolyte always contains a small amount of water, which

consequently causes breakdown of the electrolyte accompanied by HF generation.

Propagation of HF is also facilitated by increasing temperature (40 oC in this 

experiment) and water concentration. Thus, LiPF6 electrolytic salt can be decomposed, 

and the reaction is accelerated at higher potentials and temperatures, according to the 

following reactions suggested by Aurbach et al. [19] and Edström et al.[20]: 

LiPF6 LiF + PF5         (5),

PF5 + H2O  POF3 + 2HF   (6).

Therefore, it is possible that the (Cr, Fe)-oxides components of the passive layer react 

with the generated HF into the electrolyte. Then, the byproducts would be detected as 

fragments with Fe-F and Cr-F bonding as seen in Figs. 6 and 7, assuming the following 

reactions:
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Cr2O3 + 6HF  2CrF3 + 3H2O          (7),

Fe2O3 + 6HF  2FeF3 + 3H2O          (8).

In Figs. 6f-g and Figs. 7f-g, the intensity ratios of CrO+ versus CrF+ and FeO+ versus 

FeF+ were getting higher by Ga+ ions beam etching for 300s and 1000s supports that the 

oxide layers were located beneath the fluoride layer. Hence, it is believed that the outer 

passive oxides layer was slowly transformed to metal fluorides layer at higher potential

(Fig. 9). Reactions shown in Equations (7) and (8) would be accelerated at 5 V vs. 

Li/Li+ (Fig. 7) due to the formation of more amount of HF at higher potential in the 

electrolyte. For this reason, traces of CrF+ and FeF+ fragments appeared much stronger 

than at 4 V vs. Li/Li+ in Fig. 7. 

Myung et al. [21-23] proved with ToF-SIMS that amphoteric metal oxide 

surfaces were transformed to metal fluorides through the intermediate state of metal 

oxyfluorides after exposing those oxide materials into LiPF6-containing electrolyte.

Kanamura et al. [5] reported that an AlF3 passive film was derived from an Al2O3 oxide 

layer on Al foil by anodic polarization to 6 V vs. Li/Li+. Successful passivation 

achieved by the formation of AlF3 on the Al2O3 surface of Al foil made it possible to be 

widely used as a current collector of positive electrode for lithium-ion batteries, where 



Page 17 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

17

the Al foil is always exposed to HF contained in alkyl carbonates solution. Similar 

tendencies were also demonstrated, even in amphoteric oxide-coated electroactive 

positive electrode active materials for lithium batteries [21-27]. As the electrochemical 

cycling goes by, the outer surface of amphoteric oxides loaded on the surface of the 

active materials was slowly transformed to metal oxyfluoride and/or fluorides. The 

formed new layers sufficiently protect the electroactive materials from HF attack from 

the electrolyte during the electrochemical cyclings.

For the type 304 stainless steel, the formation of an alloy with Li metal near 0 V 

vs. Li/Li+ in Fig. 2 was not observed. Furthermore, the presences of Fe-fluoride and 

Cr-fluoride on the surface of stainless steel also played an important role in passivating

the stainless surface, and corrosion resistance, thereby, was significantly improved. As a 

result, type 304 stainless steel is stable to be used as a current collector of positive 

electrode for lithium-ion batteries, similar to Al. No formation of stainless steel – Li 

alloy is also desirable to employ the stainless steel as a current collector of negative 

electrode and cell cases for lithium-ion batteries. 

4. Conclusions

The electrochemical stability of type 304 stainless steel in a non-aqueous 



Page 18 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

18

solution, 1M LiPF6 in EC-DEC (1:1 v/v), was examined. The stainless steel passivated 

well up to 5 V vs. Li/Li+ in the electrolytic system. As elucidated by ToF-SIMS, the 

passive layer was composed of (Cr, Fe)-oxides, on which (Cr, Fe)-fluorides resided. 

Passivation accomplished by the (Cr, Fe)-fluorides layer would contribute to improved 

corrosion resistance compared to the oxides layer in the alkyl carbonate solution that is 

commonly employed as an electrolyte for lithium-ion batteries. This property would 

give further possibilities that type 304 stainless steel (thin foil) can be applicable as 

current collectors for both positive and negative electrodes, and cell cases for 

lithium-ion batteries. 
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Figure captions

Figure 1. Schematic drawing of the electrochemical cell for the scratch test.

Figure 2. Three consecutive cyclic voltamogramms of type 304 stainless steel.

Scanning started from OCP in the cathodic direction with a sweeping rate of 10 mV 

sec-1 at 40 oC.

Figure 3. XPS spectra of (a) Fe2p and (b) Cr2p for type 304 stainless steel after the 

cathodic polarization at 0 V vs. Li/Li+.

Figure 4. Time and current (i-t) curves of the stainless steel after scratching tests at 3 V, 

4 V, and 5 V vs. Li/Li+.

Figure 5. (a) optical microscopic image, (b) total secondary-ion mapping image, (c) 

ToF-SIMS fragments of as-received, (d) after Ga+ ion beam etching for 10s, (e) 30s, (f) 

100s, and (g) 1000s after scratch test at 3 V vs. Li/Li+. Scale bar indicates 100 m.

Figure 6. (a) optical microscopic image, (b) total secondary-ion mapping image, (c) 

ToF-SIMS fragments of as-received, (d) after Ga+ ion beam etching for 10s, (e) 30s, (f) 

100s, and (g) 1000s after scratch test at 4 V vs. Li/Li+. Scale bar indicates 100 m.

Figure 7. (a) optical microscopic image, (b) total secondary-ion mapping image, (c) 

ToF-SIMS fragments of as-received, (d) after Ga+ ion beam etching for 10s, (e) 30s, (f) 

100s, and (g) 1000s. After scratch test at 5 V vs. Li/Li+. Scale bar indicates 100 m.

Figure 8. Comparison of the relative intensities of fragments: (a) after scratch test at 4

V vs. Li/Li+ and (b) at 5 V vs. Li/Li+.

Figure 9. Schematic drawing of the passivation process for type 304 stainless steel in 

the non-aqueous alkyl carbonate solution containing LiPF6 salt.
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Table 1. The nominal chemical composition of type 304 stainless steel (mass %).

C Si Mn Ni Cr Fe

Type 304 < 0.08 < 1 < 2 8 - 11 18 - 20 Balance

Figure(s)
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Figure 1. Schematic drawing of the electrochemical cell for the scratch test.

1. Li metal 

2. Ni tab 

3. Diamond polishing tip 

4. PTFE impeller

5. O-ring

6. Cu rod

7. Stainless steel working 

electrode
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Figure 2. Three consecutive cyclic voltamogramms of type 304 stainless steel. Scanning 
started from OCP in the cathodic direction with a sweeping rate of 10 mV sec-1 at 40 oC.
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Figure 3. XPS spectra of (a) Fe2p and (b) Cr2p for type 304 stainless steel after the 

cathodic polarization at 0 V vs. Li/Li+.
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Figure 4. Time and current (i-t) curves of the stainless steel after scratching tests at 3 V, 

4 V, and 5 V vs. Li/Li+.
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Figure 5. (a) optical microscopic image, (b) total secondary-ion mapping image, (c) 

ToF-SIMS fragments of as-received, (d) after Ga+ ion beam etching for 10s, (e) 30s, (f) 

100s, and (g) 1000s after scratch test at 3 V vs. Li/Li+. Scale bar indicates 100 m.
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Figure 6. (a) optical microscopic image, (b) total secondary-ion mapping image, (c) 

ToF-SIMS fragments of as-received, (d) after Ga+ ion beam etching for 10s, (e) 30s, (f) 

100s, and (g) 1000s after scratch test at 4 V vs. Li/Li+. Scale bar indicates 100 m.
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Figure 7. (a) optical microscopic image, (b) total secondary-ion mapping image, (c) 

ToF-SIMS fragments of as-received, (d) after Ga+ ion beam etching for 10s, (e) 30s, (f) 

100s, and (g) 1000s. After scratch test at 5 V vs. Li/Li+. Scale bar indicates 100 m.
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Figure 8. Comparison of the relative intensities of fragments: (a) after scratch test at 4

V vs. Li/Li+ and (b) at 5 V vs. Li/Li+.
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Figure 9. Schematic drawing of the passivation process for type 304 stainless steel in 

the non-aqueous alkyl carbonate solution containing LiPF6 salt.




