
ABSTRACT 

Techniques have been developed and implemented to gain insight into fundamental factors that 
affect the performance of electrodes in Li and Li-ion batteries and other energy storage devices. 
These include experimental strategies for monitoring the Raman scattering spectra of single 
microparticles of carbon and transition metal oxides as a function of their state of charge. 
Measurements were performed in electrolytes of direct relevance to Li and Li-Ion batteries both 
in the static and dynamic modes. In addition, novel strategies were devised for performing 
conventional experiments in ultrahigh vacuum environments under conditions which eliminate 
effects associated with presence of impurities, using ultrapure electrolytes, both of the polymeric 
and ionic liquid type  that display no measurable vapor pressure. Also examined was the 
reactivity of conventional non aqueous solvent toward ultrapure Li films as monitored in 
ultrahigh vacuum with external reflection Fourier transform infrared spectroscopy. Also pursued 
were efforts toward developing applying Raman-scattering for monitoring the flow of charge of 
a real Li ion battery. Such time-resolved, spatially-resolved measurements are key to validating 
the results of theoretical simulations involving real electrode structures.  

A. PROGRESS MADE DURING THE PERIOD OF PERFORMANCE 
 
I. MICROPARTICLE CHARACTERIZATION 
 
a. Electrochemical characterization of lithiated transition metal oxide cathode 
particles in the absence of carbon, binders and other additives - A novel method is herein 
described for the electrochemical characterization of lithiated transition metal oxides in powder 
form as cathode materials for lithium ion batteries. The procedure involves application of 
sufficiently high pressures to a layer of oxide powder evenly dispersed on the surface of a Au 
foil so as to embed the particles into the soft metal substrate, thereby avoiding the use of carbon, 
binders and other additives. Implementation of this methodology for battery-grade LiMn2O4, 
LiCoO2 and LiCo0.15Ni0.85O2 particles supplied by various commercial sources yielded electrodes 
of excellent mechanical integrity displaying close to ideal cyclic voltammetric behavior in 
electrolytes of relevance to battery applications. The charge capacity of each of these compounds 
could be estimated quantitatively by dissolving the array of oxide particles in acid, once the 
electrochemical experiments were completed and then determining the amount of metal in the 
solutions by ICP-MS analysis. An analysis of voltammetric measurements as a function of scan 
rate yielded values of mean diffusion coefficients for Li in LiMn2O4 on the order of 5 x 10-10 
cm2 s-1. 
 
b. Electrochemical and in situ Raman studies of embedded carbon particle electrodes 
in nonaqueous liquid electrolytes - A method is described for the electrochemical and in situ 
Raman spectroscopy characterization of particles of graphite and other carbonaceous materials 
used as lithium intercalation battery anodes. This method relies on high-pressure embedding of 
such particles on thermally annealed Ni foils and therefore does not require binders or other 
additives that may interfere with the electrochemical and spectroscopic behavior. The results 
obtained with embedded KS-44 graphite and MCF28 carbon microfibers in 1 M LiClO4 in 1:1 
(by volume) ethylene carbonate/diethyl carbonate mixtures yielded cyclic voltammetric and in 



situ Raman features that were in very good agreement with those reported by others for similar 
materials using more conventional electrode formulations.  
 
c. In situ, real-time Raman microscopy of embedded single particle graphite electrodes 
- Dynamic aspects of Li+ intercalation-deintercalation into single KS-44 carbon particles (8-50 
μm in diameter) embedded in thermally annealed Ni foils were examined in 1 M LiClO4, 
ethylene carbonate (EC), diethyl carbonate (DEC) (1: 1 v/v) solutions by in situ, time-resolved 
Raman microscopy. A direct correlation was found between the position of the prominent G 
band, in the range 1581-1590 cm-1 and the amount of Li+ in KS-44 within the so-called dilute 
stage 1 phase. This information was used to determine spectroscopically and in real time the 
average concentration of Li+ within the volume of the particle probed by the laser beam 
following application of a potential step between 0.05 V vs. Li/Li+, i.e., nominally full Li+ 
intercalation and 0.7 V vs. Li/Li+, i.e., full Li+ deintercalation. Quantitative analysis of these 
transient data based on a spherical diffusion model yielded a time constant for Li+ deintercalation 
for dilute stage 1 phase consistent with reported values of Li+ diffusion coefficients within 
graphitic materials and the size of the particles probed. Single KS-44 particles cycled repeatedly 
into the deep Li+-intercalation region recorded at high potentials E. > 0.5 V vs. Li/Li+, displayed 
a new Raman band attributed to bounding graphite layers not observed for pristine KS-44 carbon 
under otherwise identical conditions. This new spectral feature has been tentatively associated 
with chemical modifications of the carbon itself which may be at least partially responsible for 
irreversible capacity losses.  
 
d. In situ sulfur K-edge X-ray absorption near edge structure of an embedded pyrite 
particle electrode in a non-aqueous Li+-based electrolyte solution - Changes in the 
composition of embedded pyrite (FeS2) particle electrodes in 1 M LiClO4 propylene carbonate 
solutions as a function of the applied potential have been examined in situ by S K-edge 
fluorescence X-ray absorption near edge structure (XANES), using a specially designed cell that 
minimizes attenuation of low energy X-rays. Pyrite electrodes that had been scanned from 3.0 V 
versus Li/Li+, i.e. close to the open circuit voltage, down to 1.0 V (fully discharged state, i.e. 4e--
reduction) and then half recharged (2e--reoxidation) by scanning the potential in the positive 
direction up to 2.2 V versus Li/Li+, revealed features consistent with the presence of LiFeS2, in 
agreement with in situ Fe K-edge results reported earlier by this research group. Moreover, only 
subtle changes were discerned between the in situ S K-edge XANES of the half-, and fully-
recharged electrodes. This close resemblance may reflect similarities between the spectral 
signatures of Li2FeS2 and Fe 1-x S (pyrrhotite), which is the main product of the discharge 
reaction. Evidence for the formation of elemental sulfur and Li2S, which are believed to be minor 
products of the reaction, was obtained from analysis of the first differential S XANES and 
selected difference spectra. The compositional variations of the embedded pyrite particles 
throughout the course of the electrochemical processes occur in the presence of a persistent 
sulfate coating.  
 
e. Preparation and characterization of multiwalled carbon nanotubes grown directly 
onto a conducting support - A method is described for the growth of multiwalled carbon 
nanotubes (CNTs) directly onto a Co-coated stainless steel (SS) metal support. Coulometric 
analysis of the cyclic voltammetry curves obtained for CNT/Co(SS) electrodes in 1 M LiClO4 in 
ethylene carbonate/diethyl carbonate (1:1 v/v) electrolytes, yielded, within the uncertainties in 



the weight (ca. 50%), Li+ storage capacities as high as those observed for more conventional 
carbon materials, providing evidence that all the multiwalled CNTs within the entire ensemble 
are electrochemically active. Possible applications of these unique electrodes to electroanalysis 
are briefly discussed.  

 
 
f. In situ Raman spectroscopy of single microparticle Li+- intercalation electrodes - 
Modifications in the vibrational properties of a single microparticle of LiMn2O4 induced by 
extraction and subsequent injection of Li+ into the lattice have been monitored in situ via 
simultaneous acquisition of Raman scattering spectra and cyclic voltammetry data in 1 M LiClO4 
solutions in ethylene carbonate (EC):diethyl carbonate (DEC) mixtures (1:1 by volume). 
Statistical analyses of the spectra in the range 15 < SOD < 45%, where SOD represents the state 
of discharge (in percent) of the nominally fully charged material, i.e., lambda-MnO2, were found 
to be consistent with the coexistence of two distinct phases of lithiated metal oxide in agreement 
with information derived from in situ X-ray diffraction (XRD) measurements involving more 
conventional battery-type electrodes 
 
g. In situ, time-resolved Raman spectromicrotopography of an operating lithium-ion 
battery - A Raman microscope has been coupled to a sealed optical chamber mounted on a two-
dimensional linear translator to allow in situ acquisition of space-, and time-resolved spectra 
from a sharply defined edge of thin operating graphite/LiCoO2 Li-ion battery exposing the anode 
(A), separator (S), and cathode (C), during charge and discharge along an axis normal to the 
layered A\S\C plane. Clear evidence was obtained for changes in the amount of Li+ within 
particles of graphite, and, to a lesser extent, of LiCoO2, during battery discharge both as a 
function of position and time. Such time-resolved Raman spectromicrotopography measurements 
can provide means of assessing the validity of theoretical models aimed at simulating the flow of 
Li+ within Li+-batteries under operating conditions.  

 
h. Simultaneous microgravimetric and optical reflectivity studies of lithium 
underpotential deposition on Au(111) from propylene carbonate electrolytes - The 
underpotential deposition (upd) of lithium on highly oriented Au(lll) electrodes was examined in 
propylene carbonate (PC)-LiAsF6 solutions by simultaneous in situ quartz crystal 
microgravimetry (QCM), UV-visible reflectance spectroscopy (Delta R/R), and cyclic 
voltammetry (CV). An analysis of the QCM and Delta R/R data was performed in the potential 
range 0.4 < E < 2.5 V vs Li/Li+(PC) after the voltammetric response had reached steady state, 
i.e., following the irreversible formation of a film on the electrode surface. The results obtained 
indicated that both the (background corrected) charge under the Li upd stripping peak and the 
loss in the effective mass of the QCM (Delta m(eff)) are consistent with the oxidation of one to 
two monolayers equivalent of Li on a smooth Au(111) substrate. The optical reflectivity 
recorded during these experiments revealed large, on the order a few tenths of a percent, and 
wavelength dependent changes in Delta R/R as a function of the applied potential. A 
combination of these data with those derived from the coulometric/microgravimetric analysis of 
the Li upd stripping peak yielded, for Li coverages of about 0.1, values of Delta R/R as large as 
0.3% at wavelengths of about 650 nm. A comparison between the experimental Delta R/R 
spectra at fixed Li coverages, and that predicted theoretically based on an ideal, non-interacting, 



three-layer model, indicates that the features observed are mostly due to 1/R contributions due to 
the bare Au substrate. 
 
i. In situ Fe K-edge X-ray absorption fine structure of a pyrite electrode in a 
Li/polyethylene oxide(LiClO4)/FeS2 battery environment - Electronic and structural 
properties of materials generated by the reduction and subsequent oxidation of pyrite (FeS2) In a 
Li+-based solid polymer electrolyte (SPE) have been examined in situ by fluorescence Fe K-edge 
X-ray absorption fine structure (XAFS) in a Li/SPE/FeS2 battery environment. The in situ X-ray 
absorption near edge structure (XANES) of fully, i.e., four-electron, discharged FeS2 displayed 
features consistent with the presence of metallic iron, in agreement with information derived 
from in situ X-ray diffraction (XRD) and in situ Fe-57 Mossbauer effect spectroscopy (MES) 
reported by other groups. The two-electron reoxidation (half-recharge) of such fully reduced 
material yielded an in situ XANES very similar to that of genuine crystalline Li2FeS2 prepared 
and characterized in this laboratory. These spectroscopic findings support conclusions made 
purely on the basis of electrochemical information, which identified Li2FeS2 as an intermediate 
in the charge-discharge mechanism of FeS2 in room-temperature Li+-containing electrolytes. 
 
II. ELECTROCHEMISTY IN ULTRAHIGH VACUUM 
 
a. Electrochemical reactivity of carbon monoxide and sulfur adsorbed on Ni(111) and 
Ni(110) in a lithium-based solid polymer electrolyte in ultrahigh vacuum - The effects of 
adsorbed carbon monoxide and sulfur on the electrochemical properties of Ni(111) and Ni(110) 
in LiClO4-poly(ethylene oxide) (PEO) solutions have been examined by cyclic voltammetry at a 
temperature of 333 K in ultrahigh vacuum (UHV) environments. Rather sharp peaks were found 
in the first scan in the negative direction for c(4 x 2)CO and sulfur overlayers on Ni(111) 
centered at 0.5 and 1.25 V, respectively. In contrast, the voltammetric features observed in 
similar experiments for Ni(110) exposed to 30 L of CO and for Ni(110)-c(2 x 2)S were broad 
and not as well defined. These processes are attributed to reactions between Li underpotential 
deposition (UPD) and CO and sulfur overlayers to yield, correspondingly, Li2O (and a polymeric 
Li-CO adduct) and Li2S as the most likely products. 
 
b. Underpotential deposition of lithium on aluminum in ultrahigh-vacuum 
environments -  
The electrochemical properties of clean aluminum in LiClO4(PEO) solutions have been 
investigated in ultrahigh vacuum using as electrodes both foils and thin films vapor deposited on 
boron-doped diamond (BDD) layers supported on Si substrates. Voltammetric scans recorded at 
temperatures of about 55 degrees C yielded a set of deposition/stripping peaks at potentials 
positive to the onset of Li/Al alloy formation, attributed to Li underpotential deposition on Al. 
The positions of these peaks were found to be in relatively good agreement with those predicted 
by Gerischer-Kolb's work function correlation, as well as with recent theoretical calculations 
reported by Lehnert and Schmickler. In the case of Al films supported on BDD/Si, the charge 
under the stripping peak obtained after polarizing the Al electrode at potentials slightly positive 
to Li bulk deposition was found to increase with the film thickness. Further optimization of this 
type of experiments, by using, for example, a quartz crystal microbalance to determine the actual 
amount of Al deposited on the BDD/Si substrate, will make it possible to measure the 
stoichiometry of the alloy as a function of the applied potential. 



 
c. The electrochemistry of nickel in a lithium-based solid polymer electrolyte in 
ultrahigh vacuum environments - The underpotential deposition (UPD) of lithium on 
polycrystalline Ni and Ni(111) from LiClO4/poly(ethylene)oxide (PEO) and LiI/PEO electrolytes 
was examined by cyclic voltammetry in, ultrahigh vacuum (UHV) at temperatures, T, in the 
range 330-340 K. At least two well-defined UPD peaks (A and B), and their corresponding 
stripping counterparts (A' and B'), were identified in the region 0.25-2.0 V vs. Li[C/R]. Their 
combined charge, Q(A + B) (or Q(A' + B')), estimated from the smoother Ni(111) specimen, was 
about 40 μC/cm2, i.e. equivalent to a Li coverage (theta(Li)) of ca, 0.15, assuming Li+ undergoes 
full discharge. The presence of more than a single Li UPD voltammetric feature is consistent 
with low energy electron diffraction (LEED) studies of K, Cs and Li adsorbed on Ni(111), which 
revealed different surface superstructures as a function of the alkali metal coverage (theta(alk)) 
for 300 < T < 350 K. Furthermore, the small values of theta(Li) found just prior to bulk Li 
electrodeposition, are in harmony with (i) additional LEED information, which indicates that a 
second alkali metal layer begins to form for theta(alk)less than or equal to 0.5 and (ii) the rapid 
decrease in the work function of Ni, Phi(Ni) (and other high work function metals) as a function 
of theta(alk) to values lower than theta(alk) for theta(alk) < 0.3. Electrodeposition of bulk Li on 
Ni displayed a nucleation/growth loop and a sharp stripping peak with no evidence for alloy 
formation. Marked changes in the voltammetric features could be observed after dosing 
polycrystalline Ni surfaces with carbon, and especially oxygen, supporting the view that peaks A 
and B (and A' and B') can indeed be ascribed to Li UPD land stripping) and not to effects 
associated with superficial impurities. 
 
d. Lithium deposition on polycrystalline silver - A comparison between 
electrochemical and gas-phase environments - The electrochemical properties of clean and 
oxygen-contaminated polycrystalline Ag surfaces have been examined in LiClO4/polyethylene 
oxide solutions in ultrahigh vacuum (UHV) environments at temperatures in the range 323-333 
K. Unlike the behavior observed for Au and Ni under the same experimental conditions, no 
clearly defined voltammetric peaks were found during the first and subsequent cycles in the 
range 2.20-0.25 V vs. Li/Li+ initiated at the open-circuit potential, 1.75 V vs. Li/Li+. instead, the 
scans in the negative direction were characterized by two adjoining regions in which the current 
increased linearly with potential, albeit at different rates, and the subsequent scans in the positive 
direction yielded comparatively much smaller currents largely independent of the applied 
potential. Integration of the voltammetric curves over the potential range 0.25 < E < 2.20 V vs. 
Li/Li+ revealed a pronounced imbalance between the charges obtained in the scans in the 
negative (Q-) and positive (Q+) directions. This phenomenon was attributed, by and large, to the 
high rates of Li dissolution into Ag at these temperatures, consistent with the presence of a low-
temperature eutectic in the Li-Ag phase diagram. Additional support for this view was obtained 
from UHV nonelectrochemical measurements involving vapor-deposited Li onto Ag, for which 
the amount of Li on the surface, as monitored by Auger electron spectroscopy, decreased 
markedly upon increasing the temperature from ca. 300 to 350 K. The voltammetry of oxygen-
contaminated Ag surfaces was characterized by a well-defined peak in the scan in the positive 
direction centered at ca. 1.3 V, which persisted upon continuous cycling. Although the process 
responsible for this feature has not yet been identified, it provides a marker for detecting oxygen 
impurities on Ag in this electrolyte. 
 



e. Structural, spectroscopic, and electrochemical characterization of boron-doped 
diamond films from different provenances - Morphological, spectroscopic, and 
electrochemical aspects of boron-doped diamond (BDD) films grown on silicon surfaces 
originating from three different laboratories have been examined by atomic force microscopy 
(AFM), Raman scattering, Auger electron spectroscopy, and cyclic voltammetry in polyethylene 
oxide LiClO4 electrolytes in ultrahigh vacuum. All specimens displayed AFM images 
characteristic of diamond and Raman spectra consistent with a wide range of boron 
concentrations (1019 to 1021 B atom/cm3)), with no evidence for the presence of gross graphitic 
impurities. The cyclic voltammetry of two of the specimens (denoted as GV2 and CWRU), 
however, showed features at potentials positive to lithium bulk deposition attributed to lithium-
ion intercalation/deintercalation phenomena in non-diamond carbon present as a surface 
impurity, perhaps at the grain boundaries. This finding is consistent with earlier results for a 
specimen of type GV2 in aqueous electrolytes [Vinokur et al., J. Electrochem. Soc., 143, L238 
(1996)], for which rates of heterogeneous electron transfer for certain redox couples were found 
higher than those for nominally clean BDD surfaces. 
 
f. Preparation and electrochemical characterization of carbon films in UHV 
environments -  
The electrochemical properties of carbonaceous films prepared by catalytic chemical vapor 
deposition on clean Ni(111) using an equimolar CO:CH4 mixture at a total pressure ca. 2 x 10-5 
kPa (0.133 kPa = 1 Torr) as carbon source have been examined under ultrahigh vacuum (UHV) 
conditions (6.7 x 10-11 kPa) in pre-electrolyzed LiClO4-poly(ethylene) oxide, (PEO), solutions (1 
Li+:36 ethylene oxide units) at ca. 55degreesC. All steps involved were carried out in the same 
UHV chamber under highly controlled conditions without exposure to the ambient atmosphere. 
Despite these precautions, the first scan for the supported carbon film, C/Ni(111), in the negative 
direction initiated at similar to2.0 V vs. Li/Li+ extending down to 0.05 V, yielded a total negative 
charge exceeding by about one-third that observed in the subsequent scan in the positive 
direction. This irreversible capacity loss was much reduced during the second and subsequent 
cycles. Nevertheless, well-defined cyclic voltammetric peaks could be clearly discerned over the 
featureless background observed for clean Ni(111) in the potential region 1.2 < E < 0.05 V vs. 
Li/Li+. Based on coulometric data and the total amount of carbon in the film as determined from 
AES analysis the Li+/C stoichiometric ratio was estimated to be 1:3. 
 
g. The electrochemistry of boron-doped diamond films on single crystal diamond in 
Li+-based solid polymer electrolyte in ultrahigh vacuum - Cyclic voltammetry of hydrogen-
terminated BDD films, grown on diamond macles, were recorded in LiClO4 
poly(ethyleneoxide)(PEO)and LiI/PEO solid polymer electrolytes. Diamond is an ideal substrate 
material as its lack of chemical reactivity may avoid ambiguities in the interpretation of the 
electrochemical data derived from reactions involving other supports, which either form alloys, 
such as silicon, or promote lithium underpotential deposition. These experiments were conducted 
at temperatures of ca. 60°C in ultrahigh vacuum (UHV) with in situ pre-electrolysis to minimize 
problems with impurities. The voltammetry in the first and subsequent cycles was characteristic 
of only Li bulk deposition and stripping, with very small featureless negative background 
currents attributable to the kinetically hindered reduction of perchlorate ion and/or PEO in the 
LiClO4/PEO electrolyte 
 



 
III. SURFACE CHEMISTRY OF LITHIUM 
 
a. Reactivity of lithium toward propylene carbonate: Infrared reflection absorption 
spectroscopy studies in ultrahigh vacuum. The vibrational properties of vapor-deposited 
lithium films exposed to propylene carbonate (PC) vapors at room temperature have been 
examined by infrared reflection-absorption spectroscopy (IRAS) in ultrahigh vacuum (UHV) 
using a specially designed chamber. The sharply defined spectral features observed were found 
to be incompatible with those of either, lithium propoxide, lithium alkyl carbonate, lithium 
carbonate, or mixtures thereof. Instead, the IRAS spectrum of PC/Li/Ni was found to be identical 
to that obtained by exposing Li to 1,2-propanediol vapors under otherwise identical conditions 
and may thus be attributed to the corresponding alkoxide derivative. 
 
b. The reactivity of linear alkyl carbonates toward metallic lithium: X- ray 
photoelectron spectroscopy studies in ultrahigh vacuum - X-ray photoelectron spectroscopy 
(XPS) was used to examine the reactivity of metallic Li toward gas-phase symmetric and 
asymmetric alkyl linear carbonates of the form ROCO2R' (R and R' = -CH3, -CH2CH3) at room 
temperature in ultrahigh vacuum (UHV). Comparison of the C (1s) and O (1s) XPS features 
obtained in virtually identical experiments involving methanol and ethanol allowed LiOCH3 and 
LiOCH2CH3 to be clearly identified as the major products of the reaction between Li and 
dimethyl (DMC) and diethyl (DEC) carbonates, respectively, and a mixture of the two alkoxides 
for ethylmethyl (EMC) carbonate. These findings are in agreement with UHV Fourier transform 
infrared studies of the same systems reported earlier in our laboratory. Also found in the XPS 
spectra for ROCO2R'/Li interfaces was an O (1s) peak at 529.6 eV attributed to Li oxide. In the 
case of DEC and EMC, evidence was obtained for the presence of an additional O (1s) feature at 
534.76 eV attributed to Li ethyl carbonate. This behavior was unlike that found for DMC for 
which no signals due to Li methyl carbonate could be discerned. The conclusions emerging from 
this study further support the general mechanism for Li reactivity toward ROCO2R' suggested by 
Aurbach and co-workers.  
 
c. Reactivity of linear alkyl carbonates toward metallic lithium: Infrared reflection-
absorption spectroscopic studies in ultrahigh vacuum - The reactivity of symmetric and 
asymmetric alkyl linear carbonates of the type ROCO2R', where R and R' represent methyl or 
ethyl groups, toward metallic Li was studied by infrared reflection-absorption spectroscopy 
(IRAS) in ultrahigh vacuum. Comparison of the IRAS spectra of clean Li surfaces exposed to 
dimethyl, diethyl (DEC), and ethyl-methyl carbonates (EMC) with those obtained in very similar 
experiments involving judiciously selected alcohols provided unambiguous evidence that the 
products of such reactions are primarily Li alkoxides (ROLi and R'OLi). Spectral evidence was 
also found for the presence of Li ethyl carbonate for experiments involving DEC and EMC. No 
changes in the IRAS spectra could be discerned upon exposure of RCO2R'-reacted Li surfaces to 
large doses of CO2 at ca. 300 K. Furthermore, predosing Li surfaces with CO2 at 300 K to form 
small amounts of Li2CO3 prior to exposure to ROCO2R' did not alter the nature of the reaction 
products. The conclusions emerging from this study support by and large the mechanism 
proposed by Aurbach et al. for reactions between Li and condensed phase linear and cyclic alkyl 
carbonates. 
 



d. Effects of surface impurities on the reactivity of metallic lithium toward propylene 
carbonate - Infrared reflection absorption spectroscopy studies in ultrahigh vacuum - 
Changes in the reactivity of Li toward gas-phase propylene carbonate (PC) induced by the 
presence of a small amount of Li oxide or Li carbonate as a Li surface impurity have been 
examined in ultrahigh vacuum by infrared (IR) reflection absorption spectroscopy. Whereas the 
presence of Li2O simply attenuates the intensity of IR features characteristic of the 
corresponding alkoxide found upon exposure of clean Li to PC, small quantities of Li2CO3 on Li 
led to the formation of detectable amounts of the Li alkyl carbonate derivative. Implications of 
these results to the interpretation of data obtained in situ for Li electrodes in electrochemical 
environments are discussed.  

 
e. Reactivity of metallic lithium toward gamma-butyrolactone, propylene carbonate, 
and dioxalane - The nature of the reaction products generated by exposure of a model cyclic 
ester, gamma-butyrolactone (gamma-BL), two cyclic ethers, dioxalane (DIOX) and 
tetrahydrofuran (THF), and a cyclic alkyl carbonate, propylene carbonate (PC), toward metallic 
Li at room temperature was examined in ultrahigh vacuum by infrared reflection absorption, 
Auger electron (AES), and X-ray photoelectron (XPS) spectroscopies. The features observed in 
the spectra were consistent with Li butyrate and Li beta-keto ester in the case of gamma-BL, and 
a dialkoxide derivative of Li with small amounts of Li oxide for experiments involving PC as the 
main reaction products. The behavior of both these solvents differs greatly from that found of the 
cyclic ethers DIOX and THF, for which the XPS spectra yielded small amounts of Li oxide and 
Li carbide as the only reaction products. These two species are most likely not derived from 
reactions involving DIOX or THF but rather from reactions between metallic Li and CO 
desorbed from the walls of the chamber during prolonged dosings. The extent of the reaction 
involving gamma-BL, as evidenced by the loss of the AES peak at 52 eV characteristic of 
metallic Li, far exceeded that observed with PC and the linear alkyl carbonates reported 
previously in this laboratory, for which the aforementioned feature could be discerned clearly 
even after extensive exposure. All these findings agree with those reported by Aurbach et al. for 
experiments involving Li metal exposure to the same solvents in liquid phase, which suggests 
that conclusions drawn from ex situ experiments of the type originally devised by our research 
group may also be applicable to reactions in condensed phase, including electrochemical 
environments.  
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