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ABSTRACT

The development of next-generation sodium-ion batteries utilizing sulfonylamide-based
electrolytes is significantly encumbered by the corrosion of the Al current collector, resulting in
capacity loss and poor cycling stability. While ionic liquid electrolytes have been reported to
suppress Al corrosion, a recent study found that pitting corrosion occurs even when ionic liquids
are employed. This study investigates the effects of temperature and Na salt concentration on the
Al corrosion behavior in different sulfonylamide-based ionic liquid electrolytes for sodium-ion
batteries. In the present work, cyclic voltammetry measurements and scanning electron
microscopy showed that severe Al corrosion occurred in ionic liquids at high temperatures and
low salt concentrations. X-ray photoelectron spectroscopy was employed to identify the different
elemental components and verify the thickness of the passivation layer formed under varied salt
concentrations and temperatures. The differences in the corrosion behaviors observed under the
various conditions are ascribed to the ratio of free [FSA]™ anions to Na*-coordinating [FSA] " in
the electrolyte and the stability of the newly-formed passivation layer. This work aims at
augmenting the understanding of Al corrosion behavior in ionic liquid electrolytes to develop

advanced batteries.
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1. INTRODUCTION
Lithium-ion batteries (LIBs), accredited as the contemporary secondary batteries of choice, have
gained dominant utility in portable electronic devices, electric vehicles, and energy storage
systems (ESS).! Despite this widespread success, the increasing costs of lithium resources and the
scarcity of critical elements such as Co and Ni present significant hurdles to the deployment of
LIBs in large-scale ESS applications.” 3 These limitations have expedited the development of
alternative battery technologies that utilize low-cost and earth-abundant materials. Among the
secondary batteries fronted so far, sodium-ion batteries (SIBs) have emerged as promising
candidates for grid-scale applications due to the environmental benignity and affordability of
sodium resources.* ° Besides the promise for improved feasibility, the progress of SIB
development is further bolstered by the similarities in SIB and LIB intercalation chemistries which
allow the appropriation of Na analogs of established LIB technologies.®

The success of SIBs as next-generation secondary batteries is highly contingent on the
adoption of cheap, eco-friendly, and compatible battery components.”® By this token, the lack of
reactivity between Na metal and Al metal enables the utilization of Al foil as current collectors for
both the negative and positive SIB electrodes, which presents significant cost benefits for these
energy storage devices.''? Besides economic viability, Al foil shows good electronic conductivity
and mechanical durability.*® 1 It is worth noting that even though the native Al,O3 passivation
layer is formed on Al foil, Al current collectors are prone to attack and corrosion by sulfonylamide-
based electrolytes during cycling at high potentials, leading to increased electrical resistance,
electrolyte depletion, and capacity loss as well as poor cycling performance.’>!” As such,
comprehending Al corrosion behavior and exploring possible suppression measures is considered

an essential requirement for next-generation SIBs.



Contemporary SIBs extensively utilize electrolytes containing organic carbonate solvents in
combination with NaPFs or NaClOs salts due to their low viscosities and high ionic
conductivities.'® 1° Although Al current correctors are smoothly passivated in NaPFs-based
electrolytes, NaPFs is highly hygroscopic, which makes it prone to hydrolysis.??2 On the other
hand, the explosive nature of NaClO4 heavily hinders its application in electrolytes for safety
reasons. In this light, sodium salts based on sulfonylamide anions, such as Na[FSA] ([FSA] =
bis(fluorosulfonyl)amide) and Na[TFSA] ([TFSA]" = bis(trifluoromethylsulfonyl)amide) are
considered attractive options on the merits of their high stabilities, low toxicities, and safety.?® 24
Compared to NaPFs and NaClOs, sulfonylamide salts facilitate the formation of solid electrolyte
interphase (SEI) with more inorganic species on the negative electrodes, enhancing the transport
of Na ions and providing a more stable SEI layer.?> 26 However, carbonate-based electrolytes
employing Na[FSA] or Na[TFSA] salts tend to be corrosive towards the Al current collector at
potentials above 4 V, thus deteriorating battery performance.?”3!

Taking practical viability into account, organic electrolytes are considered unsuitable for
high-temperature batteries because of their flammability and volatility.32-3* In this context, ionic
liquids (ILs) have attracted interest as alternative electrolytes on the grounds of their high thermal
and electrochemical stability, negligible vapor pressure, low flammability, wide liquidus
temperature range, and broad electrochemical window.®" In fact, studies have shown that
replacing organic electrolytes with ILs can be an effective strategy for accelerating the passivation
of the Al surface.®®4” Otaegui et al. compared the stability of the Al current collector in the
propylene carbonate solution of Na[FSA] and ILs and revealed that the latter prevents Al corrosion
at 55 °C up to 5 V (the former is 3.5 V).*8 Nevertheless, a recent study by our team revealed the

occurrence of Al corrosion and severe capacity loss at elevated temperatures even after the



adoption of [FSA]-based IL electrolytes in SIBs.*° In any case, the current understanding of the Al
corrosion behavior in IL electrolytes containing Na[FSA] or Na[TFSA] remains relatively limited,
providing the impetus for our inquest into the effects of these electrolytes on the Al current
collector: specifically the influence of temperature and Na salt concentration. In particular, the
effect of temperature on Al corrosion is an important point of interest, considering the possibilities
of accidental heating®® %! or even the prospects of intermediate-temperature batteries exploiting
the significant performance improvements embodied by IL electrolytes after temperature
elevation 3¢ 5253

In this study, the effects of operating temperature and Na salt concentration on the corrosion
behavior of the Al current collector are examined using [FSA]- and [TFSA]-based IL electrolytes
formulated with two different ammonium cations: [C2C1im]* = 1-ethyl-3-methylimidazolium) and
[CsCipyrr]" = N-methyl-N-propylpyrrolidinium). The two cation species are typical for use in Li
and Na ion batteries, according to previous works.%® Herein, aluminum corrosion behavior is
analyzed through a series of analyses based on cyclic voltammetry (CV), field emission scanning
electron microscopy (FE-SEM), energy dispersive X-ray spectroscopy (EDX), Raman
spectroscopy, X-ray fluorescence spectroscopy (XRF), and X-ray photoelectron spectroscopy

(XPS).

2. EXPERIMENTAL SECTION

2.1 Materials and Electrolytes. The Na salts, Na[FSA] (Mitsubishi Materials Electronic
Chemicals, purity > 99%) and Na[TFSA] (Kishida Chemical, purity > 99%), and organic salts,
[CoC1im][FSA], [C3Caipyrr][FSA], [C2C1im][TFSA], and [C3Cipyrr][TFSA] (Kanto Chemical Co.,

Inc., purity > 99.9%), were dried under vacuum at 80 °C for 24 h before use. A series of IL



electrolytes with different Na* concentrations, as summarized in Table S1, were prepared by
mixing the Na and organic salts in the target molar ratios in an argon-filled glove box (H.O and
O2 < 1 ppm). The [TFSA] salt, AI[TFSA]s, was synthesized using Al metal and
bis(trifluoromethylsulfonyl)imide acid following procedures prescribed in a previous report.5+5¢
Ethylene carbonate/dimethyl carbonate (EC/DMC = 1:1 vl/v, battery grade, Kishida Chemical) was
used without further purification. The organic electrolyte of 1 mol dm= Na[TFSA]-EC/DMC and

1 mol dm~3 Na[FSA]-EC/DMC were prepared by dissolving Na[FSA] or Na[TFSA] into EC/DMC.

2.2 Electrochemical Measurement. Coin cells (2032-type) used for CV measurements were
assembled in the argon-filled glove box. Aluminum foil was punched into discs (diameter: 10 mm)
and used as the working electrode. Metallic Na (spread into foil and pressed onto an Al plate) was
used as the counter electrode (diameter: 13 mm). A glass fiber separator (Whatman, GF-A,
diameter: 16 mm, and thickness: 260 wm) was used after immersion in the as-prepared electrolyte.
CV measurements were performed using a VSP potentiostat (Bio-Logic) equipped with a
thermostatic chamber (SU-242, ESPEC) at 25, 60, and 90 °C. CV was performed on the coin cells
between 2 V and 6 V (vs. Na*/Na) at a scan rate of 0.5 mV s (the first cycle started from the rest

potential).

2.3 Characterization and Analysis. After the CV tests, coin cells were disassembled, and the Al
electrodes were rinsed with ethanol. The surface of Al electrodes (after ten cycles) was subjected
to FE-SEM (Hitachi SU-8020) and EDX (Horiba EMAXEvolution X-max) analysis. The
elemental composition of the surface of Al electrodes was analyzed by XPS (JEOL, JPS-9030, Mg

Ka X-ray source). Depth profiles were obtained from the XPS data by etching Al electrodes using



an Ar beam with an accelerating voltage of 400 V. Raman spectra of the IL electrolytes were
recorded by Raman spectroscopy (DXR3, Thermo Fisher Scientific) using a laser with a
wavelength of 785 nm. For solubility tests of the AI[TFSA]s in different electrolytes, AI[TFSA]s
was added to 1 mol dm~ Na[TFSA]-EC/DMC, Nag1[C2C1im]os[ TFSA], Nao2[C2C1im]os[TFSA],
and Nao2[C3Cipyrr]os[TFSA] electrolytes. After these samples were stirred at 600 rpm at room
temperature for one day, the content of Al species was determined by XRF spectroscopy (EDXL

300, Rigaku Corporation) under a He atmosphere.

3. RESULT AND DISCUSSION

In this study, the corrosion behavior of the Al current collector was analyzed by conducting
CV measurements on Al electrodes in different sulfonylamide-based IL electrolytes at varied
temperatures. Figure 1 shows the CV curves of Al electrodes in a representative electrolyte:
Nao.2[C2C1im]og[FSA] IL measured at 25, 60, and 90 °C. Here, the anodic current is seen to
gradually increase during the anodic scan and continues to rise even during the cathodic scan,
achieving prominent peaks in the 4.4 to 6 V range. This anodic current is ascribed to electrolyte
decomposition and Al corrosion during the electrochemical process.'® > Markedly, the anodic
current during the cathodic scan is larger than during the anodic scan, indicative of the exacerbated
corrosion due to the increased electrode surface area after the removal of the native Al>O3
passivation film on the pristine Al foil and the dissolution of AI** species.®® >® The peak current
density, approximately 0.02 mA cm™2 at 25 °C during the first cycle (Figure 1a), was observed to
increase with temperature elevation and reached roughly six times higher at 90 °C (Figure 1b, c).
The high current density evinces intensified Al electrode corrosion and severe electrolyte

decomposition at elevated temperatures.'® Even so, the anodic current was observed to decrease



with continued cycling, signaling the formation of a passivation layer. However, more CV scans
are needed to passivate Al at elevated temperatures in contrast to 25 °C. Furthermore, it should be
noted that if the passivation layer formed during the electrochemical measurement is not robust
enough, the exposed part of the Al electrode will undergo further corrosion.!” The stability of the
passivation layer highly depends on the electrolyte composition and operation conditions, which
will be also discussed below by combining with the CV results and XPS data.

For insight into their impact on Al corrosion, two sulfonylamide anion species ([FSA]™ and
[TFSA]") were employed in combination with two cation species ([C2Ciim]* and [C3Cipyrr]*) to
prepare different IL electrolyte formulations with varied Na salt concentrations (see Table S1 for
the ILs used for this study and Figures S1-S7 for CV curves in different concentrations and other
IL electrolytes). For the Nax[C2Ciim]ix[FSA] electrolytes, the anodic current was noted to
decrease with increasing Na* fraction, providing negligible anodic current for the
Nao.5[C2C1im]os[FSA] electrolyte at 25 °C (Figures S2 and S3). The CV curves obtained from the
Nax[C3Cipyrr]ix[FSA] electrolytes exhibited similar effects of temperature and Na* concentration
on the anodic current, although their current densities were generally lower than the Nay[C2C1im]1-
x[FSA] electrolytes (Figures S5-S7). In addition, the CV curves obtained from the
Nao2[C2C1im]og[TFSA] electrolyte reveal that temperature elevation engendered significant
increases in the anodic current, as shown in Figure S1. The highest anodic current of
Nao.2[C3Cipyrr]os[TFSA] electrolyte was observed at 60 °C. Notably, the anodic current for
Nao.2[C3C1pyrr]os[ TFSA] electrolyte at 90 °C was observed to be an order of magnitude lower
than that of the Nao2[C2Ciim]os[TFSA] electrolyte at the same temperature (Figure S4). The
effect of cations on different CV curves will be discussed below.

Figures 2 and S8 summarize the total charge calculated by integrating the total anodic peak



area of the cyclic voltammogram of each cycle (Figure 2 for the [C2C1im]-based ILs and Figure
S8 for the [C3Cipyrr]-based ILs). The total charge exhibits a clear correlation to the Na*
concentration in the Nax[C2Ci1im]1x[FSA] IL electrolyte and the operating temperatures (Figure
2). When the temperature is kept constant, increasing the Na* fraction of the electrolyte results in
a continuous decrease in the total charge. On the other hand, temperature elevation is noted to
engender an increase in the total charge during the initial few cycles. Notably, the total charge of
the Nao2[C2C1im]os[TFSA] electrolyte is less than the Nag 2[C2Ci1im]os[FSA] electrolyte at 25 °C.
However, these trends are inversed at elevated temperatures; the Nag2[C2Ciim]os[TFSA]
electrolyte exhibits larger total charge values, which do not significantly decrease even with
repeated CV scans. These results suggest that the passivation process in the Nag 2[C2C1im]os[ TFSA]
electrolyte fails at 60 and 90 °C, resulting in severe Al corrosion.

The total charge data obtained from the [C3Cipyrr]-based IL electrolytes betoken similar
trends as illustrated in Figure S8. However, the total charge values derived from the [C3Cipyrr]-
based electrolytes are found to be significantly lower than those from the [C2Ciim]-based
electrolytes. Further, temperature elevation of the [CsCipyrr]-based electrolytes is seen to have
less effect on the resultant total charge than in the case of the [C.Ciim]-based electrolytes. Here,
the total charge values at 60 °C are higher than at 90 °C, which may attribute to the dissolution
and reconstruction of the unstable passivation layer formed at 60 °C. These observations indicate
that the Al corrosion behavior in the [C3Cipyrr]-based electrolytes is intrinsically different from
the one in the [C2C1im]-based electrolytes. The passivation layer formed based on the [C3Cipyrr]-
based electrolytes might contain beneficial components to slow down the side reaction and
facilitate Al passivation contrast to the [C2Ciim]-based electrolytes. Another possible reason for

such differences is the higher anodic stability of the [C3sC1pyrr]* compared to that of the [CoC1im]*



cations.®® Besides, differences in Al corrosion behavior could also be rationalized by the
differences in the ratios of the free [FSA]  (non-coordinating to Na*, abbreviated as FR) to
coordinating [FSA] (coordinating to Na*, abbreviated as CDN) in the ILs. The coordination states
of [FSA] in ILs can easily be determined through Raman spectrometry, where the S-N-S bending
mode shifts, depending on the coordination state to Na* (~730 cm™ for FR [FSA]™ and above 740
cm™* for CDN [FSA]").5! When the two states of [FSA]~, CDN and FR, are assumed, the ratio of
CDN/FR is higher for the [C3Cipyrr]-based electrolyte (50/50) than for the [C2Ciim]-based
electrolyte (36/64) (Figure S9). Consequently, [FSA] is more electron deficient and more
resistive to oxidation in the [CsCipyrr]-based electrolyte (see the discussion of the Raman
spectroscopy below for details).

For the aim of understanding the corrosion process of Al foil, further discussion will be made
for the Nax[C2Ciim]ix[FSA] electrolytes that exhibit the representative characteristics in the
following. Additional results from the other ILs are included in Supporting Information.

The surface morphology and elemental composition of the Al electrode surface after CV
measurements were subsequently evaluated using FE-SEM and EDX techniques to visually
confirm Al corrosion behavior. Figure 3 shows the FE-SEM and EDX mapping images of Al
electrodes cycled in the Nao.2[C2C1im]os[FSA] electrolyte under different operating temperatures.
Figure 4 shows the corresponding electrodes cycled in varied Na* concentrations using a series of
Nax[C2C1im]1x[FSA] electrolytes, respectively (see Figure S10-S16 for FE-SEM and EDX
mapping images related to other conditions and electrolytes). As illustrated, the surfaces of the Al
electrodes cycled in Nao2[C2Ciim]os[FSA] reveal typical pitting corrosion in the range of
temperatures investigated. At 25 °C, corrosion pits with diameters of < 50 pm are observed on the

entire electrode surfaces (Figure 3). Additionally, the corrosion pits are noted to become larger

10



with increasing temperature, eventually becoming interconnected at 90 °C due to severe corrosion.
The EDX mapping images show the presence of Al, F, S, O, N, and Na elements on the electrode
surfaces. The images also show an even distribution of F, S, and O elements in the corrosion pits,
suggesting that [FSA]" is deeply involved in the corrosion process. On an interesting note, Al was
hardly detected in the corrosion pits. These results evince that [FSA]™ reacts with the native oxide
on the Al current collector, and the AI** reacts with the amide anions to form complexes that are
dissolved into the electrolyte as has been previously proposed in studies on organic solvent
electrolytes.'® 27

The correlation between the Na® concentration and Al corrosion behavior at 25 °C is
demonstrated in Figure 4. Here, the FE-SEM images illustrate numerous pits on the surface of the
Al electrode cycled in the Nao2[C2Ciim]os[FSA] electrolyte. In contrast, only a few pits are
observed on the Al electrode cycled in the Nao.3[C2Ciim]o.7[FSA] electrolyte. The diameters of the
corrosion pits are found to decrease with increasing Na* fractions: an affirmation that increasing
the Na* concentration can suppress corrosion of the Al electrode. Furthermore, the pitting
corrosion is not seen on the electrodes obtained from the Naos[C2Ciim]os[FSA] electrolyte at
25 °C, in congruence with the negligible anodic current visualized in the CV curves (Figure S3a).
These observations are consistent with the CV results wherein the anodic current significantly
decreases when the Na salt fraction is increased (Figures S2 and S3). Likewise, the [C3Cipyrr]-
based electrolytes exhibited similar Al corrosion behavior when subjected to analogous operating
temperatures and Na salt concentrations (Figures S13-16).

It is worth noting that hemispherical deposits appeared on the surface of the Al electrode
when the Na salt concentration was increased. These deposits are presumed to be a new passivation

layer formed by the decomposition of the IL electrolytes (Figures 4b and c). These hemispherical
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deposits were also found on the Al electrode after CV measurements were performed in the
Nao 2[C2C1im]os[TFSA] and Nao2[C3Cipyrrlos[TFSA] IL electrolytes (Figures S10 and S13,
respectively). The results suggest that the degree of Al corrosion is highly contingent on the
properties of the passivation layer formed during the electrochemical process. Notably, the
[TFSA]-based ILs manifested slightly better passivation capabilities at 25 °C than [FSA]-based
ILs. However, these capabilities were seen to drastically diminish at elevated temperatures in the
case of the Nao2[C2C1im]os[ TFSA] IL electrolyte.

In previous studies by Kiihnel et al. and Garcia et al., the Al complex formed during the
corrosion process was found to have considerably lower solubility in IL electrolytes than the ones
in organic carbonate-based electrolytes, and thus ILs facilitate the formation of a more effective
passivation layer that resists Al corrosion.*® 82 Since Al corrosion is not so severe in the IL
electrolytes at high Na* fractions in this work, it is reasonable to tentatively postulate that the
solubility of Al complexes into electrolytes is a major reason for the different corrosion behaviors
observed. As such, AI[TFSA]s, whose synthesis route has been established in previous works, was
subjected to solubility measurements involving the various electrolytes in the present work
(preparation of AI[FSA].®™* complex is not well-established). According to XRF analysis (Table
S2), the solubility of AI[TFSA]s into 1 mol dm= Na[TFSA]-EC/DMC is noted to be approximately
two times higher than in the ILs. Even so, the difference between the organic electrolyte and the
IL is insignificant, considering their vastly different Al corrosion behaviors (Figure S17).
Moreover, the differences in the Al concentrations of the ILs are subtle which demonstrate that the
solubility of the Al complexes is not the main reason for the different Al corrosion behaviors.

The factors influencing the Al corrosion behavior can also be postulated to involve both the

operating temperatures and Na salt concentrations. In this conjecture, the passivation layers formed
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on Al electrodes cycled at lower temperatures and high concentration conditions are considered
more robust or better stabilized than those formed at higher temperatures and low Na*
concentration conditions. As such, the passivation layer formed during cycling was subjected to
stability tests through further CV analysis to verify this hypothesis. First, ten consecutive CV
cycles were performed without intervals to sufficiently form a passivation layer. Subsequently,
five CV cycles were performed with an interval (12-hour rest) after each cycle (Figure S18). This
interval was set to determine the stability of the newly-formed passivation layer. Specifically, if
the passivation layer dissolves during an interval, extra capacity is required to reform the
passivation layer during the next cycle. Figures 5a and 5b summarize the total charge during the
10th, 12th, and 14th anodic scans of CV in the Na,[C>Ciim]i[FSA] electrolytes (x = 0.2 and 0.5)
at 25 °C (Figure 5a) and 90 °C (Figure 5b). When x = 0.2, the total charge at 90 °C increases at
the subsequent 14th cycle, whereas it remains relatively stable at 25 °C. Correspondingly, the
current density decreases at the 12th cycle but increases at the 14th cycle (Figure S18c), suggesting
that the passivation layer dissolves and Al corrosion and electrolyte decomposition occur again if
intervals are taken after each cycle. In the case of x = 0.5, the total charge was lower than that of x
= 0.2 during measurements performed at 25 °C and 90 °C. This observation suggests that less
charge participates in the repetitive passivation process, and the passivation layer remains stable
during the cycles with intervals.

XPS analyses were performed to elucidate the chemical composition of the passivation layer
formed on the Al electrode after the first cycle of the CV measurements under different
temperature and concentration conditions. As shown in Figure 5c, the F 1s XPS spectra for Al
electrodes were deconvoluted into three different contributions.** % % The peak at 686.6 eV is

assigned to the F atom involved in an ionic bond such as Al—F. The presence of -SOxF is identified
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by the peaks at 688.0 and 689.4 eVV. Comparing the passivation layers formed by each electrolyte
at different temperatures shows the ratio of -SOxF to AI-F at 90 °C is higher than that of 25 °C,
evincing that the passivation layer formed at 90 °C has more components derived from [FSA]~
decomposition. XPS depth profiles (Figure 5d) were also obtained to illustrate the relative
thickness of the passivation layer on the surface of the Al current collectors. Here, the F 1s peak
intensities of the electrodes cycled at 90 °C exhibit a more gradual decrease with increasing etching
time compared to those measured for the electrodes cycled at 25 °C: an indicator that cycling at
90 °C forms a thicker passivation layer. This observation is in accord with the XPS results of Al
2p (Figure S19), where the peak intensity of Al metal on electrodes cycled at 90 °C increases more
gently with increasing etching time than those cycled at 25 °C: evidence that the thicker passivation
layer covers the Al substrate at 90 °C.

The difference in ion-ion interactions in the electrolytes with respect to Na salt concentration
was studied by Raman spectroscopy to clarify the effects of the electrolyte structure on the Al
corrosion behavior. Figure S20 presents the Raman spectra of the FSA-based IL electrolytes at
various Na[FSA] concentrations (see Figure S21 for [TFSA]-based ILs). The peaks in the region
between 700 and 800 cm™ are assigned to the S-N-S bending mode, which can be deconvoluted to
those of free [FSA]™ and Na*-coordinating [FSA]™ as mentioned in the discussion above (FR and
CDN, respectively)® The peak in this region exhibits a blue shift with increasing Na salt
concentration regardless of the cationic species, suggesting an increase of the CDN [FSA] and a
decrease of the FR [FSA]". This phenomenon may affect the Al corrosion behavior in two distinct
ways: the formation of passivation layers with different thicknesses and the reaction for the
dissolution of the native Al>Os passivation layer. The increase of CDN [FSA] can lead to the

formation of a thinner passivation layer because CDN [FSA] is more electron deficient and
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oxidatively robust than FR [FSA] .%¢ Consequently, the thinner passivation layer sufficiently
prevents further reactions caused by the contact between the electrode surface and the electrolyte
with oxidatively robust anions. On the other hand, FR [FSA]" is more reactive to Al>O3 because it
has more coordinating ability than CDN [FSA] .67

Based on the results above, the possible mechanism of Al corrosion behavior is illustrated in
Figure 6. Here two of the most severe and the mildest conditions of high Na* concentration and
low temperature (Figure 6a) and low Na* concentration and high temperature (Figure 6b) are
selected to visualize and simplified the mechanism. As shown in the schematic, free [FSA] anions
are adsorbed on the native Al.Oz passivation film, which decays the film at high potentials along
with O generation and AI®* dissolution in the form of Al[anion],®™*. As Raman spectra clearly
indicate a blue shift of peaks with increasing Na salt concentration, which explains the severer
corrosion degree of the native Al.Os passivation film at the initial cycle at low Na* concentration
and high temperature condition by free [FSA] anions. It is because electrolytes with low Na*
concentrations have more free [FSA]™ anions that vigorously abrade the native Al>Oz passivation
layer and accelerate the corrosion process. Moreover, the newly-formed passivation layer is less
stable and is dissolved during cycling at low Na* concentration and high temperature condition.
Markedly, the passivation layer is seen to dissolve progressively at elevated temperatures,
especially with electrolytes of lower Na salt concentrations. Whereas under high Na* concentration
and low temperature conditions, the ratio of free [FSA] anions to Na*-coordinating [FSA] is low,
forming a new passivation layer with very low solubility in the electrolytes. As discussed in Figure
5(a), this passivation layer keeps robust to protect the Al electrode. Accordingly, a thicker
passivation layer formed by the decomposition of the electrolyte is required to comprehensively

cover the Al electrode surface. Otherwise, Al corrosion occurred again after the breakdown of the
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passivation layer. Veritably, increasing the Na salt concentration of the electrolytes suppresses the
Al corrosion process to a certain extent but does not alleviate severe Al corrosion when

temperatures are elevated.

4. CONCLUSION

In summary, the present study explores the effects of temperature and salt concentration variations
on the corrosion behavior of the Al current collector in IL electrolytes. CV results showed that the
anodic current increases with increasing temperature and decreasing Na* concentrations. SEM
images after CV measurements revealed that Al corrosion was exacerbated in electrolytes with
low Na" concentration and suppressed for electrolytes with high Na® concentration at room
temperature. Even so, the electrolytes with high Na® concentration were still ineffective in
suppressing Al corrosion at elevated temperatures. EDX mapping further revealed the involvement
of [FSA] anions in the Al corrosion. XRF measurements confirmed that the solubility of Al
complexes in the electrolytes investigated is not the primary cause of the different corrosion
degrees observed. The results from the present analyses suggest that the differences in Al corrosion
behavior are caused by the variegated stabilities of the newly-formed passivation layers on the
surfaces. The Al corrosion process in electrolytes with high Na® concentrations is possibly
alleviated by the more robust passivation layer formed with Na*-coordinating [FSA]". However,
this robust passivation layer becomes unstable when the temperature is elevated, consuming extra
capacity to form a new passivation layer at every cycle. The results presented herein promise to
augment the present understanding of the corrosion behavior of Al current collectors in a range of

ILs electrolytes. Accordingly, future inquests into the surface modification of Al current collectors
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can be expected to be a propitious strategy for enhancing the performance of SIBs using IL

electrolytes.
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Figure 1. Cyclic voltammograms of an Al electrode in the Nao2[C2C1im]os[FSA] IL electrolyte at
(a) 25, (b) 60, and (c) 90 °C from the rest potential to 6 V. Scan rate: 0.5 mV s™!. The black arrows
indicate the scan direction. The insets show the enlarged part of the cyclic voltammograms (see
Figures S1-S7 in the Supporting Information for cyclic voltammograms in other concentrations
and other IL electrolytes and see Figure 2 for the summary of total charges during anodic scans

of CV results for the Al electrodes in different electrolytes.)
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Figure 2. Summary of total charges during anodic scans in the CV measurements in the [C2C1im]-

based IL electrolytes at the (a) 1st, (b) 2nd, (c) 5th, and (d) 10th cycles (see Figures 1 and S1-S3

for the corresponding cyclic voltammograms). Temperature: 25, 60, and 90 °C. The total charges

were calculated by integrating the anodic current. Figure S8 summarizes total charges during

anodic scans in the CV measurements in the [C3Cipyrr]-based IL electrolytes corresponding to the

CV curves in Figures S4-S7.
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Figure 3. Temperature dependence of FE-SEM and EDX mapping images for the Al electrode
after the 10 cycles of CV measurements in the Nao 2[C2C1im]os[FSA] electrolyte at (a) 25, (b) 60,

and (c) 90 °C.
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(@ |

Figure 4. Na salt fraction dependence of FE-SEM and EDX mapping images for the Al electrode
after the 10 cycles of CV measurements at 25 °C in the Nax[C2C1im]1x[FSA] electrolyte, (a) x =
0.2, (b) x=0.3, and (c) x = 0.5, respectively. (Figure 4(a) is the same as Figure 3(a), added once

again here for comparison.)
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Figure 5. (a, b) Comparison of total charges during anodic scans of the CV measurements at (a)
25 °C and (b) 90 °C. (c) F 1s XPS spectra of the Al electrodes after the first cycle of the CV
measurements at 25 °C and 90 °C. Electrolyte: Na,[C>Ciim]i[FSA] ILs (x = 0.2 and 0.5). (d)
Depth profile of F atom on the Al electrode before and after the first cycle of the CV measurements

at 25 °C and 90 °C based on the F 1s XPS peak intensity against etching time.
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Figure 6. Schematic illustration of the formation and dissolution processes for the passivation

layer on the Al electrodes in the investigated IL electrolytes (a) under high Na" concentration and

low temperature conditions and (b) under low Na* concentration and high temperature conditions.
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