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Abstract

Raman spectroscopy was used to characterize surface layers on lithium electrodes in
differenf solvents such as propylene carbonate (PC), dimethyl carbonate (DMC), diethyl
carbonate (DEC), and polyethylene glycol 400 dimethyl ether (PEG400DME). Both DMC
and DEC were used singly, and also mixed with either mefhyl-acetate (MA) or methyl
formate (MF). The Raman spectra showed that passive films formed on the Li surface in
different solvents may have different chemical sfructures, which changed during the charging
and discharging processes.

Raman spectroscopy was also applied to characterize zinc electrode surfacés in
alkaline solutions. Thve results suggestéd that ZnO énd Zn(OH), formed on the Zn
electrode when a passive potential was applied.

A solid film of fullerene Cg;, which could be used as a cathode in Li rechargeable
batteries, was examined in the PEGAOODME solution by both electrochemical and Ramariv
spectro\scopy. Cyclié volfammograms (CVs) showed five redox peaks which suggested the |
form,ation of Cgy, Cgo”, Ceo>» Ceo'» and Cgp. Raman spectra obtained from a thin Cy, film

indicated that the thin fulleride film dissolved in the PEG400DME/LiClO, solution at

negative potentials.



Brief DeScription of Project
- The main objecfive of this project is to chafacterize the surface layers von lithium
electrodes in nonaqueous solvent-electrolyte systems by Raman sp‘ectr,oscxopy. Thé formation
of passive layers on cathodically deposited lithium is considered to have a'strbng influence
on the rechargg;abili;cy of iithium. secondary batteries. The characterization of the passive
layers oh thé lithium surface should provide‘ information to improve the perforinance of
lithium secondary batteries. Raman spectroscopy was also used to characterize the su.rfaée

of other electrodes such as Zn and Cj, films.

Exp’erimental- Section

The electrochemical cell and details of the experimental set-up for in-situ Raman
- spectroscopy were aascribed in prévioas final feports _(3/ 15/ 1986-6/30/87 aad 7/1/87-
7/31/88). The purification procedures for PC and supporting electrolytes.(LiAsF6 and
LiClO,) were also described in these reports. DMC, DEC, MA, and MF wera dried .in
activated Linde 4A mole'cﬁlar sieves for 48 hours, then théy were further purified by vacuum
fractional distillation undér: an Ar atmosphare. Polyethyl.ene glycol 400 dimethyl ether
(PEG400DME) reéeived from Fluka Chemical Corp. was dfied by lithium ribbon (Fluka)
for 4 days before use. The fulleren¢ Cgo received from Texas Fullerene Company (99.9%
purity) was used as received. The clectrochéfnical experiments for Cg, were carried out in
a VAC model dry-box.with high purity Ar (oxygen level was.less than 0.5 ppm). The C,
film electrodes were prepared by coating 5-30 pl of 1 mM Cg, in CH,Cl, solution on the GC

~ electrode surface (either 3.0 mm or 33 um dia) and then evaporating the solvent.



Results and Discussion

Li electrode in DMC, DEC, and mixed solvents with MA and MF. Raman
spectroscopy was carried out at a silver electrode surface after depositing thin lithium films
(50, 150, 250, 350, 500, and 1000 A) in dimethyl carbona{é (DMC) solutioﬁ with 1.0 M
LiClO,. A conventional two-cofnpartment cell was uéed, and the solution was transferred
from the cell compartment to the reservoir before recording the Raman spectra. An Ar*
laser was used as the excitation source. Strong Raman signals appeared after 50 A lithium
film wﬁs deposited .on silver by reduction of Li* in the solution. ﬁe intensity of Raman
bands decreased-sharply after 100 A lithium film was deposited. The potential of the
working electrode shifte_d from positive (0.2 V) at th¢ start of deposition to negative (-0.48
V) after depositing 50 A of Li. Several Raman bands from DMC and LiClO, were observed
in the spectra recorded after deposition of 50-1000 A Li films. Several bands (154, 348, 449,
and 610 cm™) umeléted to the solution species were.observed in the low frequency fegion
after deposition of 50 A Li (see Figure 1). These bands disappeared when thicker lithium
films (100 and 500 A) were deposited. Several broad high intensity bands (1502, 1559, and
1583 cm™) appeared after depositioh of 350 A li;chium (see Figure 2). Baéically, the same
spectrum was observed after depositing 500 and 1000 A lithium films. The potential of the
working electrode shifted from 0.6 V to -0.3 V during deposition of the 150 A Li film.
However, the potential of the working electrode remained positive when thicker lithium
films (250-1000 A) were deposited. The Raman resuit_s and the potential changes observed
during lithium deposition suggested that the lithium film is stable m DMC/LiClO, solution.
The strong Raman scatteririgs, which were observed after deposition of 50 A Li, may be due

to the surface-enhanced Raman signal. The negative potential (-0.48 V) observed just after



deposition of the 50 A film also indicé.ted that the Li film remained briefly ofi the silver
eleétrode surface. The low Raman inténsityv'and the positi\(e .electrodé potential after
deposition of thicker films suggested that the lithiﬁm film reacted with the solvent and
vformed a reaction product. It is erly that the reaction producf on the surface of thé silver
electrode reacfed with lithium which was on the surface of the silver electrode. The broad
Raman bands in the high freqﬁency_ range (1502, 1559, and 1583 cm™) (see/Figuré 2) may
“be bdue to the reaction i)rodUét of Li and DMC. On the other hand, several low.'frequency
bénds observed aftef deposition of 50 A Li could be due to a passivating film on the lithium
surface.. |
Contrary to the results ob_tained in the DM‘Cv.solu‘tioﬁ, "no significant Raman bands
| were obsérv_ed at the smooth Ag elgctrode after dépositihg Liin DEC solution. The surface
of the Ag electrode looked hnchanged after deposition of é 500 A Li filfn. .The absence of
Raman scatterings at thelvsilver surface in the DEC solution may be due to the immediate
| reaction between Livand DEC. The color of the clear LiClO,/DEC solution Changed to
brown after deﬁoéitioﬁ of the Li ﬁlms; and the brown ;:olor intensified as thicker Li fllIl’lS
were deposited. No sigﬁificant Raman bands were observed on the, surface of the anodizéd
silVer after déposition of Li filvms (50—2000 A). However, a broad strong luniinescencé band
appeared in the 1200-1700 -cm'l range after Li deposition. The result suggested that the
éathodically deposited Li film reacted with DEC to férm d‘ecomposition_ products which are
responsibie for the observed strong luminescence.
The stability of lithium in DEC solutién wa.s aiso studied in the presence of methyl
formate (MF) by using Raman spectroscopy. The ratio of DEC and MF was 1 to 1, and 1

M LiClO, was used as a supporting electrolyte. Raman spectra were recorded at a smooth
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sﬂver electrode (3000 A thick) after depositing Li films (50, 100, 200, 350, 500, 1000, and
2000 A) by constant current electrolysis. Raman spectra (100-1700 cm™ range), which were
recorded after deposition of Li films, did not show any significant bands. The surface of the
silver electrode looked shiny during deposition of lithium films. The results suggested that
the deposited Li thin film reécted with the solvent and then the reaction product
immediately dissolved in the solution. White particles were formed in the solution during
the Raman experiment. The results indicated that the lithium surface was more stable in
mixed solvent of DEC and MF than in DEC. The white sﬁbstance, which ‘was formed
during Li deposition, seerr_led to protect the Li surface. However, we could not characterize
the‘ white substance due ‘to the lack of any significant Raman and fluorescence bands in the
100-1700 cm™ spectrum range.

Li electrode in bolyeleqtrolytes. The Cyclic voltammétric behavior of lithium
electrodes in polyethylene glycol 400 dimethyl ether (PEG400DME) with LiClO, (0.6 M)
was investigated in air-tight electrochemical cell filled with high purity argon gas. Thin-film
silver (3000 A thick) on a 1"x1"x 1 /16" glaés plate was used as a working electrode, and
lithium ribbon was used as both reference and auxiliary electrodes. A high cathodic current
for the reduction of Li* to Li started at ~0 V when the potential was scanned from positive
to negative. - There was another low cathodic current whicfl showed a peak near +0.6 V.
An anodic peak current was observed at +0.9 V, and an anodic current with a shoulder at
+0.5 V was also observed. It was observed that the lithium metal surface was stable in the
PEG400DME.

Raman spectroscopy wés carried out by using the same electrochemical cell. Either

Ar” laser (514.5 nm line) or Kr* laser (647.1 nm line) was used as the excitation source.
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Wﬁen the Ar* laser \}vas used as the excitation source, a strong broad '1umine§c¢nce
appeared, and no Sign%'ficént Raman baﬁds were observed. 'In—situ'Raman spectra were
recorded in the r'énge between 150 cm? and 1700 cm™. The potentials applied to the silver
electrodé were between 3.0 V and -03 V. There were ‘bands which were due to -
PEG400DME and CIO; at all potentials (see Figure 3): 790, 804, 842, 1026, 1132, 1234,
1383, 1446, _énd 1471 cm™ Vf(.)r the PEG400DME, a.nd 929 cm"1 for ClO,. Several bands
including 247, 299, 346, 602, 635, 688, 719, 994, 1086, 1367, 1531, and 1613 cm were
observed at -0.1 V as showﬁ 1r1 Figure 4 (only 500-900 cm™ range is shown). These Bands.
are unrélated tp the solution species and were observed even when the potential was
increased to 3.0 V.. The results suggesfed that the above Raman bands may be due tc') a.
passive film which formed during lithiﬁm deposition on the silver electrode. The results also
suggested that the passiVe film reméinéd on ihe silvver surface when the potentiél wés
reversed and movéd to very positive potentials.

| Li electrode in _propyiene'cafbonaté. : Iﬁ;situ Raman spectroscopy of the lithium
surface during the chargi‘ng and discharging processes in propyllene' carbonated (PC) solution
with LiClO, was carried out with a Kr* laser. The Raman spectra were recorded in the
range between 150 and 1700 'ém'l. The formation of a passi?e film on the lithium surfécé
could be seen during the charging process. The Raman spectra obtaiﬁed in the PC solution
with 1.0 M LiCIO, at -i.O V vs Li showed several Raman bands (1214, 1298, and 1549 cm’?
etc) which are unrelated to the »solution species. Some of these Raman bands remained.
during the discharging process (potential was moved to 0.3 V and then to 1.0 V). When the
charging- and dischérging progésses were repeated several times, the Raman spectra.

gradually changed. A typical example is the observatien of a 1240 cm band during the first
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charging process. The intensity of this band gradually decreaséd as the potential was
changed to 0.3 and then to 1.0 V. A new band appeared at 1255 cm™ during the p.otential
‘cycle. The results suggested that the structure of the passive film may have chahged during
the repeated charging and discharging pfocesses.

Zn electrodel in alkaline solutions. Cyclic voltammetry and in-situ Raman
spectroscopy studies of a Zn electrode (surface area (A) = 0.08 cm?®) were carried out in
'a7MKOH ande.S M ZnO solution. A zinc disk (A = 1.51 cm?) was used as an auxiliary
electrode. Cyclic voltammograms were recorded at a very slow scan rate (1 mV/s) and an
equilibﬁum potential of -1.350 V (vs. Hg/HgO/7 M KOH reference electrode) was
observed. When the potential was scanned in the positive direction, the Zn electrode

started to dissolve and reached a constant current (212 mA/cm?) at -1.1 V. The dissolution -

. of the electrode suddenly stopped at -0.90 V (current dropped to nearly 0 amp). When the

passive potential was reached, a constant current (25 mA/cm?) was observed. The electrode
potential was reversed at -0.7 V and scanned in the cathodic direction. When the potential -
reached to -1.04 V, the Zn electrode suddenly started to dissolve (current increased from
25 mA/em? to 340 mA/cm?). Cyclic voltammograms recorded at faster scan rates up to 20
mV/s were bésically the same as those observed at 1 mV/s.

The above results are not consistent with those obtained by Goff et al.! The authors
observed the equilibrium potential of -1.545 V vs. Hg/HgO 5 M KOH reference electrode,
" instead of -1.350 V which was observed in this experiment. The passive potential reported
by the above authors (-1.26 V) was also different from burs (-0.90 V).

In-situ Raman spectra of the Zn electrode surface in 7 M KOH and 0.5 M ZnO

i

solution were recorded at two potentials (-1.54 and -0.80 V). At the passive potential (-0.80

. . - | 7



V), Raman bands were observed at 332, 390, 448, 480, and 564 cm’. The presence of both
332 and 449 cm™ bands suggest the format1on of ZnO at the Zn surface. The 390 cm™ band
indicates the ‘prese_nce of Zn(OH)z\on the surface. The above spectrum was recorded after
applying the; anodic ‘polarization potential (-0.8(l V) for 2 hours.. The dorninarit band
observed at the equ111br1um potential (-1 54 V) was the 480 cm’ band wh1ch is probably due-
to Zn(OH)2 These results suggest the pos51ble formatlon of both ZnO and Zn(OH), on
the Zn electrode surface at the passive potential.

C,, film electrode in ltolyethylene glycol 4'00 dimethyl ether. A Cg thin film was -
prepared on a glassy carbon (GO) electrode surface. A linear sweep voltammogram showed.
five reduction peaks which suggested the formation of CGO'; Ceo”> Ceo™s C604', and C6(;5‘ (see |
Figure 5). The C60 did not dlssolve in PEG400DME w1th LiClO4. However, Cg, anions
could be dissolved in the above solvent

The - AC impedance measurements showed that the solution resistance of
PEG400DME was about 100 times higher than that of an aqueous solution. Tbis high -
solution resistance caused large peak-to-peak separations of the Cq, redox reactions. In
order to overcome this problem, CVs were recorded by using a GC microelectrode which

t helbed to reduce the peak potential shift to a few mV (see Figure 6). 'Tbe redox_ current
for the C,,/Cg, pair was approximately twice as large as that for othelrvredox oairs including
CeoZ» Ceo®s Ceot, and Cg*. Other supporting electrolytes such as KCIO, and NaClO4 were
also used fo investigate the electrochemical behavior of Cy, in the PEG400DME. Of these

'three alkaline metal salt electrolytes, the Cg, anions }were most stable with KClO,.

Raman spectroscopy of the Cq, film was carried out by using a Kr* laser (647.1 nm)

as the excitation source. A thin C, film deposited on a thin-film silver electrode surface



was placed in an air-tight electrochemical cell filled with Ar gas, and Raman spectra were
‘ recorded ﬁsing the back scattering mode. Several medium-to-strong Raman bands due to
solid C,, were observed at 273-1.566 cm™ at the open circuit potential. The above results
are consistent with that of a C, film prepared in vacuum;2 We found it difficult to observe
the Raman spectra of C,, anions because the Cy, films dissolved in PEG400DME/LiC104

solution when a negative potential was applied to the electrodes.

Conclusion
In-situ Raman spectroscopy was applied to characterize the passive films on Li
electrode surfaces in several solvent/ eléctrolyte systems including propylene carbonate (PC),
dimethyl carbonate (DMC), diethyl carbonate (DEC), polyethylene glycol 400 dimethyl ethef
(PEG4\OODME)./ Either LiAsF, or LiClO4 was used as a supporting electrolyte. The Raman
spectra recorded in solvent and supporting electrolyte syétems such as DMC/LIiClO,,
PC/LiClO4, and PEG400DME/LiClO, showed different Raman bands. The frequency of
Raman bands was also affec«ted‘by the chargingAand discharging potentials. The Ramanr
bands from the passive film seemed to remain even when a positive potential was applied.
The results suggested the structure of th passive films formed on the Li surfal’ce was
affected by bbth the solvent and applied potenti.al. The Li surface was much more reactive
in DEC than the other solvents described above. However, the Li surface was stabilized by
édding either methyl\écetavte (MA) or methyl formate (MF) to the DEC solution.
In-situ Raman spectroscopy of zinc electrode surfaces indicated the possible

formation of ZnO and Zn(OH), as a passive film with the application of passive potentials.

However, due to the low sensitivity of the Raman spectrometer, the results presented here

9



- are inconclusive. Further work is needed by using a more sensitive Raman spectrometer
such as one interfaced with a microscope. This type of ‘Raman spectrometer would also
help in providing the detail structural information of the passive films formed on the Li -

electrode in different solvent/electrolyte systems.
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Figure 6.

Cyclic voltammograms in PEG400DME /0.5 M LiCIO, at
(a) thin G, film on GC (30 pm) electrode and

(b) on bare GC (pm) electrode. Scan rate: 1 V/s
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