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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
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necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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I. INTRODUCTION

The presence of a passive layer formed upon exposure of metallic
lithium to various non-aqueous solvents is essential to the operation of
lithium electrodes in béttery applications.1 Specifically,

i) it provides a protéctive barrier that hinders the corrosion of the metal
beneath and,
ii) iﬁ serves as a medium-for the conduction of Lit-ions.

Two main models have been described in the literature to account for
the structure and properties of these passive films. The first is based on
the formation of an inorganic surface layer in which the transport is
described by solid electrolyte theory,2 whereas the second assumes that the
film has both a compact and porous layer with polymer-like characteristics.3

fhe main ~aim of this research is to elucidate the structure and
composition of lithium-non-aqueous solvent passive films by using an array
of ex-situ and in-situ spectroscopic techniq;es including Auger Electron and
X-ray Photoelectron Spectroscopies (AES and XPS, respectively), temperature
programmed desorption (TPD), and Fourier Transform Reflection Absorption
Infrared Spectroscopy (FTIRRAS). Attention during this past year has been

focused on the reaction of tetrahydrofuran (THF) with lithium.

II. EXPERIMENTAL METHODOLOGY

A. Assembly and Spectroscopic Characterization of Lithium-Non-Aqueous
Solvent Passive Films in Ultra High Vacuum

Special techniques have been developed in this laboratory over the past
few years for the adsorption of non-aqueous solvents oﬁ alkali metal films
in ultra high vacuum (UHV). The steps involved in the preparation and
characterization of these layers are summarized as follows:

a) A host, non-reactive metal substrate, such as Ag(lll), is cleaned in UHV
by conventional Art-sputtering/thermal-annealing cjcles and subseq#ently

1



b)

c)

d)

placed in front of a thoroughly degassed lithium metal source (SAES
Getters).

The desired amount of lithium is then evaporated on the Ag(lll) surface
by controlling the current and time of operation of the source. To the
level of sensitivity of AES and XPS (ca. 1%), clean lithium films of a
thickness ranging from submonolayer up to several layers have been
routinely obtained by this method.

The 1ithium-non-aqueous solvent passive film is then assembled by
adsorbing wultra purified solvents from the gas phase onto the freshly
prepared lithium film. This is effected by backfilling the chamber to a
certain partial pressure (e.g. 5-10-8 torr) for a prescribed period of
time so as to achieve the desired exposure. Alternatively, the gas may
be dosed through a multi-capillary array difectly onto the freshly
prepared film. The latter approach is particularly advantageous as the
total amount of solvent introduced into the chamber is only a fraction
of that required with the backfilling method to attain the same
exposure.

The éssembled passive film is moved in front of the analyzer for the
acquisition. of AES and XPS spectra, and subsequently in front of the
mass spectrometer for TPD measurements. The use of isotopically labelled
compounds in TPD 1is of great value as the identity of the wvarious
thermally desorbed fragments can, in many instances be wunambiguously
determined.

With the exception of TPD, all measurements were performed in a UHV

system with AES, UPS, XPS, and LEED capabilities using a Ag(lll) single

crystal surface as the host substrate.
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B. Ultra High Vacuum-Fourier Transform Infrared Reflection Absorption
Spectroscopy (UHV-FTIRRAS)

A very similar technique to that described in the previous section hag
been implemented to obtain Fourier Transform Infrared Reflection Absorption
(FTIRRAS) spectra of Li/THF films wunder UHV conditions. For these
experiments, a separate UHV chamber consisting of two interconnectedvcrossés
which house all the necessary components Iinvolved in the assembly of the
lithium-non-aqueous solvent passive films was'designed and constructed. The
chamber 1is evacuated by means of a conventional sorption-ion pump system.
Two differentially pumped, Viton O-ring sealed, highly polished NaCl disks
installed 1in opposite flanges of one of the crosses, serve as windows for
the infrared radiation.

Metal films are vapor deposited from a Getters source onto a flat
substrate that is covered partially by 5 quartz crystal microbalance. This
permits measurement of the weight uptake during metal deposition and
subsequent exposure of the films to the non-aqueous solvent. In this
fashion, estimates can be made of the approximate thickness of the alkali
metal deposits, assuming the film is uniform, and also of the stoichiometry
of the reacted layer.

Gases are introduced into the chamber through a doser aimed directly
at the surface of the quartz crystal. The gas doser, the electrical
feedthroughs involved in the resistive heating of the Li, as well as a gold
source (vide infra), and an observation port are attached via individual
mini-flanges to one of the flanges in the cross. The evaporation-doser
assembly 1is surrounded inside the chamber by a thin stainless steel shroud
in the form of a truncated cone to restrict the area of deposition to that
probed by the infrared beam (see Figure 1).

The sample substrate is attached to the end of a liquid He cryostat



.mounted vertically on the cross. The temperature of the sample can be
raised by resistively heating a nichrome-coated sapphire substrate mounted
on one of the sides of the copper holder, and monitored with a Pt
thermometer inserted into an orifice drilled in one of the sides of the
copper holder. An additional quartz crystal has been attached to the back of
the copper holdef. This allows frequency (or period) measurements to be
conducted in a differential mode, which increases the sensitivity in the
weight determination by about two orders of magnitude. An additional port in
one of the crosses 1is used to house an ionization gauge for pressure
measurements.

The reflect?on-absorption optical attachment for FTIRRAS experiments
consists of two gold-plated.mirrors mounted on a stainless steel rail inside
the UHV chamber, which redirect the IR beam into the detector chamber.

In a typical experiment, a thick layer of Au is evaporated onto the
substrate and quartz crystal to cover the film formed during the prior run.
Subsequently, a film of alkali metal is deposited onto the gold layer and an
FTIRRAS spectrum (referred to as Ryef) 1Is recorded. The gas of interest is
then admitted into the chamber in an amount sufficient to form sub-, mono-
or multilayers while monitoring the weight uptake with the quartz crystal
microbalance, and a new spectrum denoted as R is recorded. The actual
spectrum of the Li/gas film is obtained in the form of AR/Ry.f where AR = R
- Rref-

As evidenced by the results-obtained, the sensitivity of the UHV-FTIR
assembly 1is high enough to detect adsorbed species even at submonolayer

coverages.
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IITI. RESULTS AND DISCUSSION
1. Ex-situ Spectroscopic Characterization of the Li-THF System.'

Before any measurements involving coadsorbed Li and THF were attempted,
a series of experiments were conducted to establish the cleanliness of the
Li deposits and to examine possible interactions between THF and bare, well-

defined Ag(l1ll) surfaces.

A. THF/Ag(1l1ll)

The XPS spectrum of THF adsorbed (and/or condensed) on bare Ag(lll) at
130 K exhibits two C(ls) peaks at 286.6 and 285.4 eV (see A, Fig. 2) of
approximately the same area, ascribed to carbons in the a and 8 positions
(with respect to the oxygen), respectively, and an 0(ls) peak at 533 eV,
(see B, Fig. 2) which is characteristic of compounds containing ether-type
(CHx-0-CHg) functionalities. These observations are in agreement with those
expected from the stoichiometry and molecular structure of THF. No evidence
for adsorption of THF on Ag(lll) at room temperature could be obtained from
either AES and XPS, 1indicating that the interactions between THF and silver

are rather weak.

B. Li/Ag(11ll)

The XPS spectrum of 87% Li on Ag(lll) deposited at room temperature
(see A, Fig. 3) is characterized by one prominent peak at a binding energy
of 54.71 eV. This value is lower than that reported in the literature for
lithium in ionic compounds such as LiBr and may thus be attributed to Li in
metallic form.

No carbon or oxygen could be detected by XPS for freshly prepared
Li/Ag(1l1ll) surfaces. A number of additional peaks could be obserQed,
however, upon exposure of a freshly prepared Li layer to background gases in
the UHV chamber for 17 hours (see B, Fig. 3), which can most certainly be
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attributed to interactions between residual gases and the lithium layer.

C. THF/Li/Ag(111)

a. Temperature Programmed Desorption

The cracking pattern of THF was found to display in addition to the
parent peak at m/e = 72 a number of other features. An wunambiguous
assignment of these species was performed based on a comparison with similar
data obtained for perdeuterated THF.

The TPD for m/e = 27 (CoHpt), 29 (HCO*) and 42 (C3Hgt) obtained upon
exposing a Ag(lll) surface covered by a layer equivalent to 60% Li by AES to
200-L THF is given in Fig. 4. In these experiments, the Li deposition as
well as THF exposure were performed while the substrate was keﬁt at 200 K.
Marked differences 1in the relative ratios of the 27 (and 29) peaks with
respect to the 42 peak were observed for the features centered at around
290 and 530 K. Although it is certain that these peaks correspond to the
thermal decomposition of different chemical species, it is not possible to
conclude, based on TPD alone, that.the 1ow-temperature peak corresponds to the
desorption of intact THF. 1In fact evidence to the contrary to be presented

later in this report has been obtained by XPS.

b.X-ray Photoelectron Spectroscopy

A spectral deconvolu&ion of the C(ls) (see left panel Fig. 5) and O(ls)
(see right panel in the same figure) XPS regions for a 87%Li/Ag(l1ll) surface
exposed to 1-L THF at ca., 200 K yielded peaks' centered at 292.0, 289.0, 287.8
and 284.0 eV, for carbon and 535.0, 532.5 and 529.9 eV for oxygen (see B,
Fig. 5). None of these features corresponds to condensed THF as evidenced by
a comparison between these spectra and those of pure THF in A in the. same

figure. This indicates that Li profoundly affects the bonding and/or



reactivity of THF on the bare Ag(lll) surface.

As indicated in C, Fig. 5, further exposure of this specimen to 100-L
THF at the same temperature leads to the disappearence of the 292.0 eV peak
and an increase in the relative areas of the 287.5 eV compared to the 289.0
eV peak. Also noteworthy is the appearence of prominent 0(ls) peaks at 533.0
and 530.2 eV.

Similar C and O peaks, albeit with different relative areas, were
observed upon subsequent exposure of the specimen to 300-L THF at the same
temperature (see D, Fig. 5). One of the most surprising observations for
this set of‘data is that, despite the fact that the temperature was low
enough for THF to condense, no such species could be observed in the spectra
even after the highest THF exposﬁre. This is clearly evidenced by the lack
of a C(ls) peak at 286 eV and suggests that the amount of Li on the surface
was sufficient to react with all of the adsorbed and/ﬁr condensed THF.

An increase in the temperature to about 270 K leads to the
disappearence of the small peak at 535.5 eV with no other significant
spectral changes (see B, Fig 6). Drastic modifications could be observed,
however, when the sample was heated to ca. 500 K, which corresponds to the
onset temperature for the second peak in the TPD spectra. These are shown in
C, Fig. 6. Particularly noticeable is the decrease in the relative areas of
the high, compared to the low binding energy peaks both for carbon and
oxygen. In fact both high binding energy peaks disappeared when the sample
was heated to 870 K as indicated in D, Fig. 6, with the integrated area
under the carbon peaks undergoing a large decrease. This is in agreement
with the results from the TPD which indicate a much larger desorption of
carbon- than oxygen-containing species. Also in support of this view is the
decrease in the C/0 ratio as the exposure to THF increased, which prqvided
evidence that the layer becomes progressively richer in oxygen. In fact, a
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more quantitative analysis of the absolute areas indicated that the amount
of oxygen remains essentially the same as the temperature of the specimen is
increased. This strongly suggests that the thermal decomposition gives rise
to the formation of alkanes (or other carbon-hydrogen chain compounds) for
which the desorption temperatures are very low.

Exposure of a Li layer on Ag(lll) left in the UHV chamber for 17 h to
THF yielded much more prominent C(ls) 284 eV and O(ls) 530 eV peaks than
those obtained for the freshly exposed Li (see Fig. 7), indicating that the

reactivity of the surface is modified by the presence of contaminants.

2. UHV-FTIRRAS
Prelimina?y measurements involving the newly developed réfiection-

absorption mirror arrangement have yieldedlencouraging results. As a means
of 1illustration, Fig. 8 shows the spectra obtained for 1less than ten
monolayers of phenol red deposited on the surface of a copper substrate. The
high quality of these spectra is evidenced by the fact that the signal-to-
noise ratio for C-H stretching at 2900 em-l is greater than ten. Both
mirrors and the sample holder have now been coated with a thick layer of
e}ectrodeposited gold; an approach that is expected to increase even further
the overall sensitivity of the reflection absorption system.
3. In-situ FTIRRAS

The construction of an in-situ FTIRRAS cell for use with non-aqueous
solvents has been completed. Unlike other <cells developed in this
laboratory, the new design enables complete 1isolation of the main
cohpartment from the atmosphere. This is achieved by a Kalrez O-ring
connected to the solid Kel-F plunger that holds the KelgF cast elegtrode
(see Fig. 9). In this fashion it will be possible to assemble the cell
inside a Vacuum Atmosphere glove box and subsequently to transfer it through

8
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air to the FTIR spectrometer without any danger of contamination with
atmospheric gases. The optical performance of a cell developed for use with
aqueous electrolytes of essentially identical geometry has enabled detection
of changes in the oxidation gtate of submonolayer coverages of irreversibly

adsorbed species.5

It 1is expected that a continuation of these efforts will result in a
much better wunderstanding of the nature of the passive film on lithium in
non-aqueous electrolytes and from which insight will be gained into the
factors that control the rechargeability and shelf-life of actual 1lithium-

based devices.
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VII. FIGURE CAPTIONS
Fig. 1. Schematic diagram of the UHV chamber for FTIRRAS measurements.

Fig. 2. C(ls) and O(ls) XPS spectra of THF condensed on bare Ag(lll) at 130
K.

Fig. 3. XPS spectra of 87 % Li (ca. 12 monolayers) before (A) and after (B)
exposure to background gases in the UHV chamber for 17 h.

Fig. 4. Temperature Programmed Desorption TPD, spectra of A. m/e = 27, B.
m/e = 29 and C. m/e = 42 for 60%Li/Ag(lll) (by AES) exposed to 200-L
THF at 260 K.

Fig. 5. C(1ls) (left panel )and O(ls) (right panel) XPS spectra of freshly
deposited 87%Li/Ag(1lll) at 200 K exposed to B. 1-L THF, C. 100-L THF
and D. 300-L THF. The corresponding spectra of condensed THF in the
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Fig.

Fig.

Fig.

Fig.

absence of Li (see‘caption Fig. 2 above) are shown in A.

C(1ls) (left. panel) and O(ls) (right panel) XPS spectra of freshly

deposited 87%Li/Ag(11ll) exposed to 300-L THF at A. 200K, B. 270K, C.

500K and D. 870 K. The results in A are the same as those given in
D. Fig 5.

C(ls) and 0(ls) XPS spectra of freshly deposited 87%Li/Ag(1lll) which
had been exposed to background gases in the chamber for 17 h before
exposure to 300-L THF.

FTIRRAS spectra of about 10 monolayers of phenol red dispersed on
the surface of a copper substrate before (lower curve) and after

smoothing (upper curve).

Schematic diagram of the in situ electrochemical cell for FTIRRAS
studies involving non-aqueous solvents.
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