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Abstract

Electrochemical reactions taking place on aluminium electrodes in propylene carbonate, with 1.0 M LiCl1O,, LiBF,, or LiPFg, are investigated
in terms of the stability of non-aqueous electrolytes. The techniques used are potential sweep method, X-ray photoelectron spectroscopy, and
in situ Fourier-transform infrared (FT-IR) spectroscopy. From these analysis, it is found that the surface of the aluminium electrode is covered
with aluminium oxides and fluorides as a passivation layer when it is polarized at 5.5 V versus Li/Li*. Moreover, the surface state of the
aluminium electrode depends on the type of electrolyte salt, as do the current—potential curves. On the other hand, in situ FT-IR studies
indicate that the oxidation products of propylene carbonate are independent of the type of electrolyte salt. From these results, it is concluded
that the stability of propylene carbonate electrolyte depends on the surface state of the aluminium electrode which is strongly combined with

the stability of anions.

Keywords: Rechargeable lithium batteries; Electrolytes; Aluminium; Capacitor; Non-aqueous electrolytes

1. Introduction

Researches on rechargeable lithium batteries have been
performed extensively for new applications, such as electric
vehicles and load-levelling systems. To realize these appli-
cations, the batteries must have high energy and power den-
sities. Rechargeable lithium batteries are promising
candidates, while most traditional batteries do not have suf-
ficient performance. The high performance of rechargeable
lithium batteries is provided by their high discharge potential.
This results from the use of material that have more potential
as anodes (lithium metal or carbon materials) and cathodes
(transition metal), respectively. Recently, a cell voltage of
4.0V (i.e.,almost twice as high as that of lead/acid batteries)
has been achieved by using LiCoO,, LiNiO, and LiMn,0,
as cathodes and lithium or carbon as anodes. When these
batteries are charged at a constant current, the cell voltage
rises above 4.0 V. Therefore, oxidation of the electrolyte is a
critical factor for the battery performance, as well as the
reduction of electrolyte by lithium anodes or other anode
materials that have a similar potential to lithium metal. Oxi-
dative or reductive decomposition of non-aqueous electro-
lytes is a very important safety feature of rechargeable lithium
batteries. The reduction of non-aqueous electrolytes has been
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studied extensively [1-7], and connected to the rechargea-
bility of the lithium metal and carbon anodes. Similarly, the
electrochemical oxidation of non-aqueous electrolytes has
also been investigated [8-15]. In these studies, platinum or
nickel electrodes have been used as the working electrodes.
Some other materials have been utilized in rechargeable lith-
ium batteries as current collectors [ 16] and, accordingly, the
electrochemical oxidation of non-aqueous electrolytes on
such materials is important for practical battery technology.

The electrochemical oxidation of non-aqueous electrolytes
also holds interest for other electrochemical applications
(e.g., organic electrochemistry). Consequently, the electro-
chemical oxidation of acetonitrile or propylene carbonate
containing LiCIO, on platinum electrodes has been investi-
gated using several in situ analytical methods [ 17-19]. These
studies showed that the oxidation of anions took place before
the oxidation of solvents [20-24]. Therefore, the type of
anion is an important factor for the electrochemical oxidation
of non-aqueous electrolytes.

In this study, the electrochemical oxidation of propylene
carbonate containing various electrolyte salts on aluminium
electrodes (which has been used as current collector in
rechargeable lithium batteries) was examined using several
analytical methods.
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2, Experimental

Propylene carbonate (PC) with 1.0 M LiCIO,, LiBF,, or
LiPF4 (LiClO,/PC, LiBF,/PC, and LiPFs/PC) was used as
the electrolyte. The electrolytes were purchased from Mit-
subishi Chemical Co. and had a water content of <20 ppm.
The electrochemical oxidation of these electrolytes was
investigated using in situ Fourier-transform infrared (FT-IR)
spectroscopy. The electrochemical cell for the in situ FT-IR
spectroscopy used in this study has been described previously
[25]. The normalized difference between two power spectra
at two different electrode potentials (AR/R) was calculated
according to the following equation:

_A_R _ Rg,, —Eg
R Ry

(D

The electrode potential was set at an initial potential, E;, for
several tens of minutes to obtain a flat and smooth background
which is important to get a high-quality spectrum. The elec-
trode potential was then changed from the initial potential to
another value (E;, ,) that was more anodic. The in situ FT-
IR measurement was performed after several minutes. The
power spectrum at the initial potential (E;) was subtracted
from that at the potential of E;, ; to obtain the differential
FT-IR spectrum, then the differential spectrum was divided
by the power spectrum at E; to normalize the spectrum. After
10 minutes, the potential was stepped from E;, ;| to a more
anodic potential than E; , ; (E;,,). The FT-IR spectrum was
measured again after several minutes rest. The normalized
differential FT-IR spectrum at E; , , was calculated from that
at E;,, and E, _,. These products were repeated in the elec-
trode potential range 4.0 to 8.0 V versus Li/Li* with a poten-
tial-step experiment (0.2 V potential width). The working
electrode was a cylindrical rod of aluminium, as shown in
Fig. 1. The sidewall was sealed by a Teflon® tape to avoid
the electrochemical oxidation of non-aqueous electrolytes.
The electrode surface was polished with fine alumina pow-
ders to obtain a mirror surface that had adequate reflectivity
for IR measurement. Nickel wire was used as the counter
electrode and lithium metal (Honjo Metal Co., Ltd.) as the
reference electrode. Assembly of the FT-IR cell was per-
formed under an argon atmosphere. It was then transferred to
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Fig. 1. Schematic of in situ FT-IR measurement for electrochemical oxida-
tion of non-aqueous electrolytes on an aluminium electrode.

a FT-IR spectrometer. The cell can be tightly sealed to avoid
effects of air atmosphere. The atmosphere in an analysis
chamber of the FT-IR spectrometer was air dried by CaCl,.
Therefore, the peak intensity of CO, includes some uncer-
tainty.

Current—potential curves in the three electrolytes were
measured by linear potential sweep voltammetry at 50 mV
s~ '. Aluminium plates were used as the working electrode
and lithium metal as the counter and reference electrodes. All
potentials are reported with respect to the Li/Li™ electrode.
The electrolytes were the same as these employed in the in
situ FT-IR measurements. The experiments were again per-
formed under an argon atmosphere at room temperature.

3. Results and discussion

Fig. 2 shows the current—potential curves for the electro-
chemical oxidation of LiC10,/PC, LiBF,/PC or LiPF,/PC
on aluminium electrodes. In the potential range 3.0t0 5.0V,
a small current ( <0.1 mA cm™?) was observed in all the
current —potential curves. At potentials above 5.0 V, the fea-
tures of the current-potential curves in LiClO,/PC were
markedly different from those in LiBF,/PC or LiPF¢/PC, as
follows. An anodic current peak was observed in LiClO,/
PC, but not in LiBF,/PC or LiPF,/PC. The anodic current
in LiBF,/PC increased slightly with the anodic potential
sweep. This behaviour was not observed in LiPF¢/PC. These
results suggest that electrochemical reactions taking place on
the aluminium electrode depend on the type of electrolyte
salt. Probably, anions are strongly related to the electrochem-
ical reactions that occur on the aluminium electrode. It has
been reported [ 20-22] that anions can be oxidized at a more
cathodic potential than the on-set potential for the electro-
chemical oxidation of PC. The oxidation products of the
anions (which were detected by in situ electron spin reso-
nance techniques) were assigned to some radical species that
had a high reactivity with the solvents or electrode materials.
These results were obtained with platinum electrodes. It is
likely that the oxidation of PC is preceded by the electro-
chemical oxidation of anions, even when using aluminium
clectrodes.

On the other hand, aluminium electrodes can be oxidized
to form surface films. Therefore, the electrochemical oxida-
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Fig. 2. Current-potential curves for potential sweep from 3.0to 7.0 V at 50
mV s~ in: (a) LiClO,/PC; (b) LiBF,/PC, and (¢) LiPF4/PC.
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Fig. 3. XPS spectra of (a) Al(2p), (b) O(ls), and (c) Cl(2p) for alumin-
ium electrode polarized at 5.5 V vs. Li/Li* for 1 h in LiClO,/PC; time
periods (min) indicate duration of the argon ion etching.

tion behaviour on aluminium electrodes is different from that
on platinum electrodes in terms of the surface state. More-
over, the electrochemical oxidation of anions may also be
related to the formation of the surface film. If the surface film
depends on the anion type, electrochemical reactions on alu-
minium electrodes are also influenced by the nature of the
electrolyte salts. Therefore, electrochemical oxidation of non-
aqueous electrolytes has to be investigated in terms of the
surface change of the electrode combined with the oxidation
of anions. In this study, the change of the electrode surface
state was investigated using X-ray photoelectron spectros-
copy (XPS), while the decomposition products of PC were
detected using in situ FT-IR measurement.

Fig. 3 shows the XPS spectra of Al(2p) and O(1s) for the
aluminium electrode surface which was oxidized at 5.5 V
versus Li/Li* in LiClO,/PC for 1 h. In the XPS pattern of
Al(2p), the two peaks observed at 72.3 and 75.5 eV probably
correspond to aluminium and Al,O,, respectively. In the XPS
pattern of O( 1s), apeak is found at 532.5 eV; this is attributed
to Al;O;. In the XPS pattern of C1(2p), two peaks are
observed at 210 and 200 eV, respectively. These peaks are
assigned to C10,~ and Cl~, respectively. The presence of
aluminium and Al,O, peaks in the XPS spectra of Al(2p)
before and after argon ion sputtering suggest that only a part
of the aluminium electrode surface is covered with a thick

surface film of Al,O3, while other parts are covered with very
thin aluminium oxides.

Fig. 4 shows the depth profile of each element in a molar
ratio that can be calculated by the cross section for the ioni-
zation of each element and the integrated peak intensity for
these elements. The molar ratios of all elements are almost
constant in the sputtering time range from 0.5 to 1.5 min. A
small amount of elemental chlorine is involved in the surface
film on the aluminium electrode. The presence of Cl™ ions
is explained only by the electrochemical oxidation of C104~
ions. Though the main species can be expected to be alumin-
ium oxides, the aluminium content in the surface film was
larger than the oxygen content, assuming that Al,Oj; is formed
in the surface film. Since the presence of AI** and Al™* ions
is unusual, the molar ratio between aluminium and oxygen is
due to the simultaneous detection of aluminium and AL O,
by XPS, as shown in Fig. 3. This fact can be explained by a
large distribution in the thickness of the surface film.

Fig. 5 shows the XPS pattern of Al(2p), O(1s),and F(Is)
for the aluminium electrode after polarization at 5.5 V versus
Li/Li* in LiPF¢/PC. A peak is observed at 75.5 eV in the
XPS pattern of Al(2p). This binding energy corresponds to
fluorides and/or oxides of aluminium. The peak is similar to
that in the XPS pattern of Al(2p) for the aluminium electrode
anodically polarized in LiClO,/PC. On the other hand, the
peak corresponding to aluminium metal is not observed in
this Al(2p) spectra. This result indicates that the electrode
surface is fully covered with aluminium compounds and is
different from that for LiClO,/PC. A peak is observed at
532.5 eV in the XPS pattern of O(1s) and the peak intensity
does not decrease with argon ion etching. In the XPS pattern
of F(1s), a peak is found at 686.5 eV. This peak corresponds
to aluminium fluorides and, therefore, indicates the presence
of aluminium fluorides in the surface film. From these results,
it can be seen that the electrode surface is covered with alu-
minium oxides and fluorides. The F element involved in the
surface film is probably derived from the decomposition of
the anions. This means that anions decompose during anodic
polarization of the aluminium electrode. Fig. 6 shows the
depth profile of each element in a molar ratio. The molar
ratios are not changed by the argon ion sputtering. The alu-
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Fig. 4. Depth profiles of O, Al and Cl elements in surface film of an alumin-
ium electrode polarized at 5.5 V vs. Li/Li* for 1 h in LiClO,/PC.
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Fig. 5. XPS spectraof (a) Al(2p), (b) O(1s),and (c) F(1s) for aluminium

electrode polarized at 5.5 V vs. Li/Li* for 1 h in LiPF,/PC; time periods
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Fig. 6. Depth profiles of O, Al and Cl elements in surface film of an alumin-
ium electrode polarized at 5.5 V vs. Li/Li™ for 1 hin LiPF¢/PC.

minium content in the surface film is reasonable, compared
with the total content of O and F, assuming that Al,O; and
AlF; are formed on the aluminium electrode. This indicates
that the whole surface is covered with a thick layer that con-
sists of Al,O; and AlF,.

The anodic oxidation behaviour of aluminium electrodes
in these two electrolytes suggests that the physical and chem-
ical properties of the surface film depends on the type of
electrolyte salt. The surface formed in LiClO,/PC is neither
dense nor thick, but that formed in LiPF./PC is both thick
and tight. Since the electrochemical oxidation of the non-
aqueous electrolyte occurs on the electrode surface, the

formation of aluminium compounds influences the electro-
chemical oxidation of PC. As shown in the current—potential
curves, PC decomposition depends on the type of electrolyte
salt. The electrochemical reaction giving the anodic current
has not yet been determined. In this study, the electrochemical
oxidation products were detected using in situ FT-IR meas-
urements.

Fig. 7 shows the normalized differential spectra for the
electrochemical oxidation of LiClO,/PC on the aluminium
electrode. The upward peaks in the normalized differential
spectra correspond to a consumption of compounds, and the
downward peaks show the production of chemical species
due to the anodic oxidation of PC. No significant peaks were
observed in the potential region from 3.0t0 4.6 V. At4.8 V,
several peaks corresponding to electrochemical oxidation
products of the electrolytes were observed, but their intensi-
ties were weak. At 5.0 V, the peak intensities increased con-
siderably; this indicated that the electrochemical oxidation
rate of PC was accelerated at this potential. In the potential
region from 5.2 to 7.0 V, no significant peaks were observed
in the normalized differential spectra, and this suggested that
the electrochemical oxidation rate was kept at constant value.
Beyond 7.2 V, all peak intensities increased with sweeping
electrode potential in the positive-going direction.

Fig. 8 displays the normalized differential spectra for the
electrochemical oxidation of LiBF,/PC on an aluminium
electrode. At5.4 V, several small peaks appeared in the spec-
tra. Their intensities remained unchanged in the potential
region between 5.4 and 6.0 V, and then increased as the
potential was taken beyond 6.0 V. Therefore, the rising anodic
current beyond 5.4 V in Fig. 2 corresponds to the electro-
chemical oxidation of PC. The on-set potential for the anodic
oxidation in this electrolyte (5.4 V) was more anodic than
that in LiC10,/PC.

Fig. 9 shows the normalized differential spectra for the
electrochemical oxidation of LiPF;/PC on an aluminium
electrode. Using in situ FT-IR spectroscopy, oxidation of PC
was not observed at potentials more cathodic than 5.4 V. A
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Fig. 7. Normalized differential spectra obtained during anodic polarization
from 4.8 to 8.0 V vs. Li/Li™ in LiCl10,/PC.
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Fig. 8. Normalized differential spectra obtained during anodic polarization
from 4.8 to 8.0 V vs. Li/Li* in LiBF,/PC.
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Fig. 9. Normalized differential spectra obtained during anodic polarization
from 4.8 to 8.0 V vs. Li/Li* LiPF,/PC.

small, steady-state, anodic current was observed in this poten-
tial region, however, as shown in Fig. 2. From these results,
it can be seen that anodic current is not due to the oxidation
of PC, but is caused by the oxidation of either the electrolyte
salts or the electrodes. From comparison of the spectra, it is
concluded that LiPF./PC is the most stable of the three PC
electrolytes.

Several downward peaks are observed in the spectra of the
three electrolytes. The wave number of these peaks are inde-
pendent on the type of electrolyte salt. A peak at 1700 cm ™!
corresponds to a C=0O stretching vibration, some peaks
observed in the wave number region from 1200 to 1600 cm ™!
are assigned to C—O vibration in the carboxylic group. These
wave numbers are shifted from those for the original PC. The
peak shifts indicate that, at the initial step of the electrochem-
ical oxidation of PC, a ring-opening reaction takes place to

form an intermediate adsorbed on the aluminium electrode
surface.

From a comparison of the current—potential curves and the
normalized differential spectra, it can be seen that the anodic
current does not correspond to the oxidation of PC. When a
nickel electrode is used as the working electrode, the current—
potential curves correspond well with the normalized differ-
ential spectra, as reported previously [25]. This means that
the anodic current is not only due to the electrochemical
oxidation of PC, but is also caused by the electrochemical
oxidation of the electrolyte salts and the electrodes. When
LiClO, was used as the electrolyte salt, the surface film
formed on the aluminium electrode was not stable. This is
also supported by XPS analysis, as discussed above.
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