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Abstract

The anodic behaviors of aluminum current collector for lithium ion batteries were investigated in a series of 1-alkyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl] amide room temperature ionic liquids (RTILs) and EC + DMC electrolytes. It was found that the aluminum corrosion,
which occurred in EC + DMC electrolytes containing LiTFSI, was not observed in the RTIL electrolytes. Further research showed that a passive
film with amide compounds as main components formed firmly on aluminum surface during the anodic polarization in the RTIL electrolytes,
which inhabited the aluminum corrosion. In addition, the additives generally used in the batteries, such as ethylene carbonate, ethylene sulfite and
vinyl carbonate, as well as temperature did not obviously affect the aluminum passive film, the oxidation of the RTILs increased at the elevated
temperature, which only resulted in the corrosion potential of aluminum in the RTIL electrolytes shifted to more negative potential, a passive film
still firmly formed on the aluminum surface to surpassed the further oxidation of the aluminum current collector. Those results lead to a potential

for the practical use of LiTFSI salt in the room temperature ionic liquid electrolytes for lithium ion batteries.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Advanced energy batteries are now more required for energy
storage and electric vehicle (EV) applications [1]. Therefore,
novel electrode materials and electrolytes are expected to be
found to match these demands. So far, many improvements
about high-density positive materials were published [2], it
brought about much progress on the corresponding electrolytes
and other battery materials research. Lithium hexafluorophos-
phate (LiPF¢) is the most commonly used as lithium salt in
conventional electrolytes for secondary commercial lithium ion
batteries, because its electrolyte shows high ion conductiv-
ity and good electrochemical stability. However, LiPFg suffers
from both thermal and hydrolytic instability, which lead to poor
cycling performance and the unsafety for lithium ion batteries
[3]. To solve the above problem, a new candidate of lithium salt,
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bis[(trifluoromethyl)sulfonyl] amide [LiN(CF3SO,),, LiTFSI],
with greater thermal and hydrolytic stability, good conduc-
tivity and high electrochemical stability were investigated.
Unfortunately, the practical use of LiTFSI in carbonate-based
electrolytes hardy realized due to severe corrosion of aluminum
(Al) current collectors above about 3.5V versus Li*/Li [3-10].
Behl and Plichta [11] reported that the addition of LiBF4 to
1M LiTFSI/EC-PC-DMC significantly suppress the aluminum
corrosion during potentiostatic polarization process. A similar
beneficial effect of added LiBF4 and LiPFg on the stability
of aluminum in LiTFSI electrolytes had also been described
[4,5,7,12,13]. However, the volatile and flammable organic sol-
vent involved in the conventional electrolytes may result in the
unsafety of lithium ion battery, especially at higher temperature.

Recently, room temperature ionic liquids (RTILs), showing
excellent properties of good electrochemical, non-flammable
and thermal stability [14—19], were investigated as new promis-
ing electrolytes for lithium ion batteries. Among these RTILs,
the liquids based on TFSI™ were presently regarded as the
most suitable electrolytes for lithium ion batteries [20] and
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also it has better solubility for LiTFSI salt. Up to date, few
works had been carried out to investigate the electrochemi-
cal behavior of aluminum current collector in RTILs based on
imidazolium cations. One research group [21,22] ever showed
that aluminum passivates easily in 1-ethyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl] amide (EMI-TFSI) and 1-ethyl-3-
methylimidazolium bis[(perfluoroethyl)sulfonyl] amide (EMI-
BETI). However, there were no reports for the anodic behavior of
the Al current collector in the RTILs based on different cations.
Moreover, in practical use of lithium ion battery, some additives
were chosen to add into those RTILs to form a solid electrolyte
interface (SEI) on the negative electrode, which inhibited the
electrolytes decomposition on lithium or lithiated carbon sur-
face [23,24] because those RTILs lack electrochemical stability
up to the reduction potential of lithium or lithium carbon [20,23].
In this work, the anodic behaviors of Al foil electrode in
a series of l-alkyl-3-methylimidazolium bis[(trifluoromethyl)
sulfonyl] amide ionic liquids containing LiTFSI were stud-
ied. Besides, the influences of additives and temperature on
the anodic behaviors of aluminum current collector were also
investigated using cyclic voltammetry (CV), scanning electron
microscopy (SEM), Fourier transformed infrared spectroscopy
(FT-IR) and energy dispersive X-ray spectroscopy (EDX) mea-
surements in order to find more suitable electrolytes with better
compatibility between RTILs and the aluminum current collec-
tor for lithium ion batteries and other electrochemical devices.

2. Experimental

LiTFSI salt (99.9%, Morita) was dried under a vacuum at
120°C for 24 h prior to use. Room temperature ionic liquids
based on anion TFSI™, 1-ethyl-3-methylimidazolium bis[(tri-
fluoromethyl)sulfonyl] amide (EMI-TFSI), 1-propyl-3-methyl-
imidazolium  bis[(trifluoromethyl)sulfonyl] amide (PMI-
TFSI) and 1-butyl-3-methylimidazolium bis[(trifluoromethyl)
sulfonyl] amide (BMI-TFSI) were prepared in our laboratory
according to usual synthesis [25] and treated with molecular
sieves (4 A) for 2 days to dehydrating and had the water content
in them were less than 20 ppm determined by Karl Fisher
titration method before making solutions (Fig. 1 shows their
chemical structures). LiTFSI salt was dissolved in EMI-TFSI,
PMI-TFSI, BMI-TFSI and EC+DMC (1:1 in vol.) to make
1 moldm™=3 (M) solutions. Ethylene carbonate (EC) (99%),
ethylene sulfite (ES) (98%, Aldrich), and vinyl carbonate (VC)
(98%, Acros) was used as additives into the RTILs, respectively.
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Fig. 1. Chemical structures of RTILs.

The anodic polarization behaviors of aluminum electrode
were investigated using CHI 604B electrochemical work-station
(CH Instruments, U.S.A.). A standard cell (inner volume:
10cm?) with three electrodes was applied to this experiment.
Aluminum foil was dipped in 1.0 mol dm~3 NaOH solution for
180 s and then rinsed for 20 s with deionized water to eliminate
the oxidation on its surface. The degreased aluminum foil was
neutralized with 0.65 mol dm—3 HNOj3 for 30 s and also rinsed
with deionized water for 60 s, respectively. After drying under
vacuum, the pretreated Al electrode (geometric surface area:
1.0 cmz) was used as working electrode, reference and counter
electrode were both lithium (Li) metal. The cyclic voltamme-
try of aluminum in the above electrolytes was performed for
three times which swept from natural potential to 5.5V ver-
sus Li*/Li for the first anodic scan and return to 1.5V versus
Li*/Li with a potential scan rate of 10.0mV s~!. The electrolytes
preparation process and electrochemical measurement were
conducted in UNiLab glove box filled with argon (Ar) atmo-
sphere at ambient temperature, unless otherwise specified in the
text.

The aluminum electrode after the anodic polarization was
well rinsed by dimethyl carbonate solvent and then dried at
room temperature under vacuum for 24 h. This prepared alu-
minum electrode was set on a sample holder of scanning electron
microscopy (SEM) (FEI Sirion 200, FEI, U.S.A.) camber to
observe the surface morphology and examine the elements
by energy dispersive X-ray spectroscopy (EDX) (Oxford Inca,
Oxford, U.K.).

Fourier transformed infrared spectroscopy (FT-IR) (Paragon
1000, Perkin-Elmer, U.S.A.) measurement was also applied to
analyze the corrosion products on aluminum surface after the
anodic polarization. The aluminum samples preparation was
similar to that in the SEM experiments. The FT-IR measure-
ments were conducted on an attenuated total reflection (ATR)
accessory using the reflectance technique (4000-450cm™1).
The single beam reference FT-IR spectrum was first taken from
an open area of mirror polished aluminum surface. Samples
information of FT-IR spectra acquired from the area covered
by passive film then ratioed to the reference spectrum, and con-
verted into absorbance. All the spectra were acquired at 4 cm™!
resolution, with a total of 512 scans co-added. The samples were
enclosed in an Ar-filled device during the measurement to avoid
air exposure.

3. Results and discussion
3.1. The anodic behavior of Al electrode in neat RTILs

The electrochemical windows of EC + DMC containing 1 M
LiTFSI and RTILs were tested by cyclic voltammetry on plat-
inum electrode with a sweep rate of 10.0mV s~!, using Li foil as
a counter and reference electrode. As shown in Fig. 2, the reduc-
tion potential of RTILs occurred at around 1.5V versus Li*/Li,
which was less negative than that of 1 M LiTFSI/EC + DMC at
0.5V versus Li*/Li, while the oxidation potential of RTILs is
around 6.0V versus Li*/Li, slightly positive than that of 1M
LiTFSI/EC + DMC at 5.7 V versus Li*/Li.
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Fig. 2. Linear sweep voltammetry on platinum at EC + DMC containing 1 M
LiTFSI and RTILs (sweep rate: 10.0 mV s™h.

The electrochemical behavior of the pretreated Al foil elec-
trode in electrolytes was investigated by cyclic voltammetry. The
anodic potential range has been limited from 1.5 to 5.5V versus
Li*/Li to ensure that no electrolytes degradation occurred. As
shown in Fig. 2, almost no current was observed obviously in
the potential range 1.5-5.5V versus Li*/Li from the above four
electrolytes.

Fig. 3(a) showed typical CVs of the Al foil electrode in
EC + DMC containing 1 M LiTFSI. To compare with the anodic
behavior of Al foil in the RTIL electrolytes, EC + DMC solu-
tions were chosen as the organic electrolytes for the cyclic
voltammetry measurements. As previously reported [8], corro-
sion occurred on the Al surface after the potential cycling in
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carbonate-based electrolytes. In this electrolyte, it was found
that the anodic current increased abruptly at about 5.0V ver-
sus Li*/Li (hereafter called it as pitting potential, E,) during
the first anodic scan, which implied that the dissolution of alu-
minum occurred on the Al anode surface. However, a higher
anodic current during the reverse potential scan showed that the
process accompanied by a corrosion step on the Al foil elec-
trode surface. In the second cycle, corrosion started at about
3.7V versus Li*/Li, which is lower than that of the first cycle by
about 1.3 V. This fall of corrosion potential was ascribed to the
loss of the less protective surface film formed in the first cycle,
which induced the aluminum foil to be more easily corroded in
the next cycles. Furthermore, the current peak in second cycle
was almost 20 mA cm ™2 at 5.5V versus Li*/Li, which is higher
than that of the first cycle, showing the aluminum corrosion
became more and more serious after the breakdown of protective
film.

The voltammetric responses of the Al foil electrode in RTILs
electrolytes were shown in Fig. 3(b)—(d), a weaker anodic cur-
rent was observed at about 3.0 V versus Li*/Li at the first scan,
and it rapidly decreased during the reverse potential sweeps.
Besides, the anodic current was less than 0.02 mA cm ™2, which
was much smaller than that in EC + DMC electrolyte. During the
followed cycles, the corrosion potential rose higher than 5.0V
versus Li*/Li. The shape of the cyclic voltammograms of the
Al foil electrode in RTILs electrolytes look like each other. This
suggests that the anodic polarization processes on the Al elec-
trode are essentially the same in these RTILs. From the results,
it could be seen that Al electrode is completely passivated dur-
ing the first scan in the RTIL electrolytes. That is, Al is stable
anodically in the RTIL electrolytes due to the presence of a pas-
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Fig. 3. Cyclic voltammograms for Al foil electrode in 1 M LiTFSI/EC + DMC (a); 1 M LiTFSI/EMI-TFSI (b); 1 M LiTFSI/PMI-TFSI (c); 1 M LiTFSI/BMI-TFSI

(d) (sweep rate: 10.0mV s7h.
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sive surface film at potentials above 5.0V versus Li*/Li. This
behavior is favorable for the current collector of rechargeable
lithium batteries because the aluminum corrosion, which eas-
ily occurred in carbonate-based electrolytes, can be inhibited
by the RTILs. Furthermore, the passivation film formed on the
surface during the anode polarization may be enhanced to resist
more anodic potential. Collectively, the current response was
different between Al foil electrode in EC + DMC and RTILs
containing 1 M LiTFSI, which contributed to the different sol-
vent in electrolytes. On the other hand, although the features
of CV were similar among these RTILs containing 1 M LiTFSI
showed that the similar passivation processes were performed
on the Al electrode, there was also a slightly different current
response of the Al foil among the three RTILs containing 1 M
LiTFSI. In the first cycle, the E}, of the Al foil electrode in 1M
LiTFSI/EMI-TFSI is 2.8 V versus Li*/Li, which was negative
than those in 1 M LiTFSI/PMI-TFSI at 3.2 V versus Li*/Li and
I M LiTFSI/BMI-TFSI at 3.5V versus Li*/Li. It was hypothe-
sized that the different structures of the RTIL affect the formation
of passive film on the Al foil electrode during the anodic polar-
ization. From those current responses of the RTILs, the change
of E, may be related to the change of alkyl chain length of the
RTILs. With the length of the alkyl in the cation increasing from
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EMI-TFSI, PMI-TFSI to BMI-TFSI, the E}, of Al electrode in
the RTILs shifted to more and more positive potential, which
do benefit for the aluminum current collector of rechargeable
lithium batteries.

Fig. 4 showed the SEM images for the Al foil surface after
the potential sweep to 5.5V for three times in EC + DMC and
the RTILs containing 1 M LiTFSI. The potential cycling in the
1M LiTFSI/EC + DMC electrolyte led to significant change in
the surface imagine from the original one. As shown in the
Fig. 4(a), corrosion pits of 5-20 wm size were observed on the
Al foil surface, indicating that the destruction of the passiva-
tion film on the Al electrode surface took place in EC + DMC
electrolytes, which induced to the increase of anodic current in
the course of consecutive potential sweeps. However, the sur-
face features after the same potential cycling in the RTILs in
Fig. 4(b)—(d) showed that almost no corrosion was found on the
surface except that some insoluble solid product cluster dotted on
the Al surface compared to the fresh aluminum in Fig. 4(e), indi-
cating that the Al electrodes were stable in those electrolytes.
Presumably those clusters are the precipitates building up the
passive layer deposited on the Al electrode which was produced
by reacting aluminum and electrolyte and/or electrolyte decom-
position at high potential. The SEM images confirmed that the
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Fig. 4. SEM images of Al surface after the potential cycling in 1 M LiTFSI/EC + DMC (a); 1 M LiTFSI/EMI-TFSI (b); 1 M LiTFSI/PMI-TFSI (c); 1 M LiTFSI/BMI-

TFSI (d); fresh aluminum foil (e).
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Fig. 5. FT-IR spectra of aluminum after CV in 1 M LiTFSI/EC + DMC (a); | M
LiTFS/EMI-TFSI (b); 1 M LiTFSI/PMI-TFSI (c); 1 M LiTFSI/BMI-TFSI (d),
and of solid LiTFSI salt (e) as a reference.

presence of corrosion was influenced by the solvents used in
electrolytes. In other words, the Al electrode was easily corroded
in carbonate-based electrolyte, while it was rather stable in the
RTILs. This behavior is in good agreement with the above CV
results.

The anodic aluminum after the cyclic voltammetry was
measured by FT-IR spectroscopy to identify the surface pas-
sive film which may possibly understand the complicated
mechanism of corrosion and passivation in different elec-
trolytes. The FT-IR spectrum of solid LiTFSI salt (Fig. 5(e))
was used as a reference. Peaks at 1329, 1200, 1141
and 1054 cm™! assigned to v,(S02), vs(CF3), v,(CF3) and
v5(S0O»), respectively, which characters the functional groups of
bis[(trifluoromethyl)sulfonyl]amide (TFST™,N(SO>CF3), 7). In
addition, the presence of 6(H>O) band at 1638 cm™! and broad
v(H,0) bands around 3400 cm™! trace the existence of water in
lithium salt. Fig. 5(a) shows the FT-IR spectra of aluminum sur-
face after the cyclic voltammetry in LITFSI/EC + DMC solution.
By referring to the spectra of LiTFSI salt, several peaks around
1344, 1188, 1136 and 1052cm™! were assigned to v,(S0O3),
Vs(CF3), v,(CF3) and vs(SO»), respectively, coming from
bis[(trifluoromethyl)sulfonyl] amide (TFSI~, N(SO,CF3);7)
[26,27]. This spectral analysis indicated that some corrosion
products compounded of TFSI™ still existed on the aluminum
surface around the pitting hole even the occurrence of alu-
minum corrosion in EC + DMC solution. Fig. 5(b)—(d) showed
the FT-IR spectra of aluminum surface after the cyclic voltam-
metry in LiTFSI solutions with BMI-TFSI, PMI-TFSI and
EMI-TFSI, respectively. Similarly, peaks at about 1346, 1186,
1136, 1056cm™! also assigned to —SO, and —CF3 groups of
TFSI~. A broad band at 3300cm™! was ascribed to v(H,0)
which may come from the trace of water in the RTILs except for
tiny altitude spectra of Fig. 5(d) because the aluminum surface
contained less amount of water after the anodic polarization in
BMI-TFSI electrolyte. The observations of the FI-IR spectra
showed that a functional group TFSI™ existed on the aluminum
surface after the cyclic voltammetry in LiTFSI solutions. Fig. 6
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Fig. 6. EDX spectra of aluminum after CVs in LiTFSI/EC + DMC (a); 1M
LiTFSI/EMI-TFSI (b); 1 M LiTFSI/PMI-TFSI (c); 1 M LiTFSI/BMI-TFSI (d).

showed the EDX spectra of anodic aluminum foil in EC + DMC,
EMI-TFSI, PMI-TFSI and BMI-TFSI containing LiTFSI. The
elements of C, N, O, F and S were detected on the anodic alu-
minum foil in the above four electrolytes which were ascribed
to the functional groups of TFSI™. At the same time, larger
amount of Al was also observed on the anodic Al foil surface
except partly aluminum probably came from the substrate mate-
rial, which indicated the presence of AI-TFSI precipitates over
the surface film. In addition, a very larger amount of O with Al
was observed on the Al foil surface after the anodic polarization
in EC + DMC containing LiTFSI which indicated the presence
of Al,O3 and also the oxidation compounds from the carbonate
solvents except for AlI-TFSI compounds around the aluminum
pitting hole after the anodic polarization. It may come from
the passive film covered on the pretreated aluminum surface.
With previous reports [4], it was concluded that some corrosion
products of Al-TFSI compounds were soluble in EC + DMC sol-
vents, resulting in the occurrence of aluminum corrosion, while
it did not dissolve in RTILs which firmly attached on the sur-
face to become a protective film and inhibited further aluminum
corrosion.
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3.2. The anodic behavior of Al electrode in the BMI-TFSI
with additives

Although RTILs has many attractive properties, they were
still faced some practical problems when using as the elec-
trolytes for lithium ion batteries. As some previous reports, it was
observed that the capacity of LiCoO,/Li coin cells with RTILs
decreased rapidly and finally became impossible to charge the
coin cell. Shiro et al. [28] and Fernicola et al. [20] reported
that those RTILs lack electrochemical stability up to the reduc-
tion potential of lithium or lithiated carbon surface which led
to the failure of charge/discharge process of lithium ion bat-
teries. To solve the problems for practical use of the RTILs
in lithium ion batteries, Takaya et al. [23] and Zheng et al.
[24] reported that the addition of additives into the RTILs have
improved the cycling performance of lithium ion batteries due
to some amounts of additives in RTILs aiding the formation of
solid electrolyte interface (SEI) on the negative electrode’s active
material surface which inhibited the further cathodic decomposi-
tion of electrolytes and protected the charged negative electrode.
However, some sorts of additives may influence the passiva-
tion on aluminum surface, which resulting in the occurrence of
aluminum corrosion. Therefore, the anodic behaviors of the Al
current collector in the RTILs with the additives were necessary
to be investigated. In this experiment, some kinds of additive,
such as ethylene sulfite (ES), ethylene carbonate (EC), and vinyl
carbonate (VC) which expected to prevent the decomposition
and also improve the reversible lithium deposition/dissolution
were chosen to add into BMI-TFSI as a representative to study
the anodic polarization behavior of the Al foil in the RTILs with
additives.

Fig. 7(a) showed cyclic voltammograms of the Al foil elec-
trode in BMI-TFSI electrolytes with 10 wt.% ES. An anodic
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current increased abruptly at about 4.6 V during first cycle, and
started to increase at 4.3 V from second cycle, reaching the max-
imum at 4.8 V during the potential sweep to cathodic direction
though the maximum current then decreased by the following
cycles. This type of voltammetric responses character that a less
effective passive film formed on the Al surface was prone to the
breakdown of the passive film and the dissolution of Al elec-
trode during the anodic sweep. Whereas the anodic currents of
aluminum in BMI-TFSI with 10 wt.% EC and 10 wt.% VC in
Fig. 7(b) and (c) were much smaller than those observed in
BMI-TFSI with the additive of 10 wt.% ES, the anodic current
started to increase at about 3.5V and decreased rapidly during
the backward scan through the maximum at 5.5 V. During the
next cycle, the anodic current increased higher than 5.0V and
the magnitude of the current smaller than that in the first cycle,
which indicated that an effective passive film had formed on
Al electrode during the first scan in the BMI-TFSI electrolytes.
The voltammetric responses of Al electrode in the RTILs with
10 wt.% EC and 10 wt.% VC were similar to that in the RTILs
with no additive, which implied that some amounts of EC or VC
into the RTILs did not obviously influence the surface passiva-
tion of Al electrode. However, the smaller current density of Al
current collector during the cyclic voltammetry measurement in
LiTFSI/BMI-TFSI with 10 wt.% VC compared with that of the
same electrolytes with 10 wt.% EC indicated that VC is more
favorable for the stability of Al current collector in RTILs.

3.3. The anodic behavior of Al electrode in BMI-TFSI at
different temperature

Compared with the commercial organic electrolytes, RTILs
exhibits wide liquid phase range to apply as the electrolytes
in lithium ion batteries. In addition, the viscosity decreased
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Fig. 7. Cyclic voltammograms for Al foil electrode in 1 M LiTFSI/BMI-TFSI with ES (a); EC (b); VC (c) (sweep rate: 10.0 mV s7h.
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and ion conductivities increased with increasing temperature
which available for cycling performance of lithium ion batteries
[29,30]. Hence, temperature was chose to study in an attempt to
extend the application fields of lithium ion batteries, especially
for the energy storage devices for aerospace outside of the earth
and military uses.

Fig. 8 showed the cyclic voltammograms of Al foil electrode
in 1 M LiTFSI/BMI-TFSI and its solution with 10% VC at 25,
40 and 60 °C. Whatever the existence of additives, it was found
that the E}, of Al foil in the above two solutions shifted to more
and more negative potential and the magnitude of current den-
sity increased with increasing temperature during the anodic
polarization processes, the similar result was also reported in
LiTFSI solutions with conventional organic solvents [10]. The
results indicated that the increase of the oxidizability accelerated
the reaction between aluminum and electrolytes at the elevated
temperatures, which led to the E, of Al shift to more negative
potential. However, the current decreased rapidly and passive
film still firmly formed on the aluminum surface after the first
cycle and surpassed the further oxidation of aluminum current
collector which can be benefit for the use of lithium ion batteries
at high temperature.
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Fig. 8. Cyclic voltammograms for Al foil electrode in 1 M LiTFSI/BMI-TFSI
(a); 1M LiTFSI/BMI-TFSI with VC (b) at 25, 40 and 60°C (sweep rate:
10.0mV s
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4. Conclusion

The anodic behaviors of Al in a series of I-alkyl-3-
methylimidazolium bis[(trifluoromethyl)sulfonyl] amide ionic
liquids (EMI-TFSI, PMI-TFSI and BMI-TFSI) and EC + DMC
both containing 1 M LiTFSI were investigated. It was found that
aluminum corrosion occurred in EC + DMC solutions contain-
ing LiTFSI, while not found in RTILs electrolytes. The results
indicated that EMI-TFSI, PMI-TFSI and BMI-TFSI could be
used as candidates to inhabit the corrosion of aluminum cur-
rent collector in the electrolytes containing LiTFSI, which led
to the possibility for the use of LiTFSI salt with its interesting
performance and higher safety in practical advanced lithium ion
batteries. Moreover, it was found that BMI-TFSI is the most
effective ionic liquid to inhibit the aluminum corrosion. At the
same time, the addition of ES, EC and VC into the BMI-TFSI
to inhibit the cathodic decomposition of electrolytes was also
studied on the anodic behavior of aluminum. As a result, VC
showed the best performance for stabilizing effect on aluminum
current collector in the BMI-TFSI which may further enhanced
the practical use of BMI-TFSI in lithium ion battery. In addi-
tion, the influence of temperature on the surface passive film was
tested, only the E}, of Al foil shifted to more and more negative
potential at the elevated temperature, a passive film still firmly
formed on the aluminum surface which surpassed the further
oxidation of aluminum current collector.
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