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ABSTRACT 

The growth of the layer formed on atomically clean lithium metal 

upon exposure to S02 gas is sequentially studied by controlling the 

quantity of gas reacted with tnt surface in a specially constructed 

vacuum system. A Fast Fourier Transform algorithm for the removal of 

instrumental broadening, and quantized and inelastic electron loss 

processes from the background of an Auger spectrum is presented. The 

deconvolved peaks for the S(LMM) and O(KLL) valence transitions are used 

to determine the molecular composition of the layer at each stage of its 

formation. The associated peak areas give the quantity of S02 reacted 

with the surface and the relative amounts of sulfur and oxygen present 

in each layer. The results indicate that two distinct layers of 

different composition are formed. The lower layer is a complete 

monolayer of Li20/Li2S in a two-to-one ratio. The upper layer is 

thicker and consists of LiS204 and LiS203 in a 50% mixture. The 

formation of the upper layer is observed only after exposures of the 

surface to partial pressures of S02 greater than one millitorr. A model 

to explain the formation of the two layers and the observed pressure 

dependence is given. 

A flow method is used to study the kinetics of the Ll-S02 

reaction at submonolayer coverages. The pressure in a reaction vessel 

is monitored as a function of time when a fresh Li surface is exposed. 

xvii 
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A reacqion brder between 0.5 and 0.9 results, indicating that the surface 

of the scraped Li is energetically heterogeneous with respect to sites 

availaqle for adsorption. An Arrhenius plot of the data indicates that 

the acqivatlion energy for the dissociative chemisorption to form the 

first ~onolayer lies between 2 and 5 kcal/mole. The sources for site 

heterog;eneilty and the activation energy are discussed. 

The resulting molecular model is used in combination with 

prelim1,.narYI electrochemical results to compare the gas phase layer with 

the fil,.m fomed on Li anodes in the Li/502 ambient temperature battery. 

The moqel p:roves to be useful in explaining storage and discharge 

characqeristics of the battery that are due to the presence of the 

anodic filml. 



CHAPTER 1 

HIGH ENERGY DENSITY BATTERIES 

Batteries, in various forms have been in. continuous use for more 

than one hundred years. As a practical tool for electrical energy 

storage, they are unequaled. They are cheap, compact and for most 

applications, they are relatively long lived. They have been exploited 

as portable storehouses of energy in a multitude of applications and 

have become a common part of daily life. Recently, studies on a variety 

of new battery systems have been initiated in response to the need for 

higher energy, longer lasting energy sources for biomedical implants 

such as pacemakers and insulin pumps; as well as to power sensitive 

microcircuitry that is an integral part of the newest space age and 

military technologies. The goal of that work is the development of 

extremely reliable, high energy and very long lived batteries that are 

suited for these critical applications. 

The studies described here center on materials which comprise 

batteries of the high energy density type. These cells are charac

terized by an exceptionally high energy-to-weight ratio (1-4) and are 

composed basically of a strong reducing agent in contact with or in 

close proximity to a strong oxidizing agent (5-7). Because of the 

highly reactive nature of these materials, development of these 

1 
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hatteries has closely paralleled new advances in materials science whose 

goal is to safely contain and control the corrosive battery components. 

Due to the highly technical and sensitive uses of these new bat

teries, stringent guidelines have been placed on their physical and 

electrochemical characteristics. Voltage spikes, short term potential 

excursions, unpredictable lifetimes, leakage and explosive behavior are 

undesirable. This is particularly true when the battery is to be used 

in a biomedical transplant, where the 'human factor' does not allow for 

mechanical failure due to loss or change in power from the controlling 

energy source. The fOCUH of this brief introduction is to define the 

scope of high energy density battery research in how it relates to the 

chemical characteristics of these useful cells. Contained within is a 

description of what determines typical battery electrochemical charac

teristics - a factor which is critical in defining the types of materials 

that are used to compose the working electrodes of the cell. Also 

. offered is a series of solutions to the problems associated with the 

corrosive components (both material and chemical) that have taken 

high-energy density batteries from the drawing board into the realm of 

applicability. 

The object of this entire work is to reinforce the relationship 

between the surface composition of battery materials and their obser

vable electrochemical behavior. The system that is examined is the 

Li/S02 ambient temperature cell. The overall philosophy and the 

experimental approach used to study the Li-S02 chemistry is applicable 
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to any old or new battery system. For any system, the goal is to relate 

the specific surface chemical reactions and the observable electrochemi

cal characteristics of a galvanic cell, so as to define the direction of 

study to develop new cells or to significantly improve on the old ones. 

1.1 Interfacial Electrode Chemistry and Cell Potentials 

Any two conducting materials, if immersed in a dilute electro

lyte, will develop a potential difference between them. This is due to 

the difference in chemical potential of an electron in each of the 

contributing phases with respect to the electrolyte solution (8,9). In 

response to this difference, an excess surface charge, and therefore an 

interfacial potential, is established at the surface of each electrode. 

The difference in potential measured between two electrodes in a galva

nic cell is directly related to the amount of energy available for work 

from that system (10,11). The amount of work available at any time is 

given by the free energy difference between the oxidized and reduced 

species. 

The rate at which an electron is transferred from an oxidized or 

reduced species to an electrode is given by an Arrhenius type equation: 

k 

where k is the heterogeneous rate constant and 6G* is the free energy of 

activation in the process. The energy pathway between the oxidized and 

reduced species and the activation barrier between this is schematically 
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diagrammed in Figure 1.1. A change in potential of the electrode 

corresponds to a change in the free energy difference between the oxi

dized and reduced species. The result is to raise or lower the activa

tion barrier relative to one of the reactants. This is illustrated in 

Figure l.lb for a negative change in potential of the electrode. The 

relative stability of the electron on the electrode is lowered and the 

rate of reduction of an oxidized species in solution is increased. 

The simple kinetic scenario outlined above has important impli

cations in battery research. First, the rate of electron transfer is 

directly dependent on the potential of the electrode. Conversely the 

potential developed at the electrode/solution interfaces is dependent 

fon the rate of electron transfer - any change in that rate would give a 

corresponding change in cell potential. Since a change in cell poten

tial is related directly to the energy of the electron available to do 

work, any change in the charge transfer kinetics can be expected to give 

a corresponding change in the usable energy produced by the cell. The 

rate of electron transfer is dependent on the composition of the 

electrode, the composition of the electrode/solution interface and the 

composition and concentration of electrochemically active species in 

solution. These are chemical quantities and so it can be concluded that 

the composition of the system as a function of time and discharge will 

determine the electrochemical and energetic characteristics of a bat

tery. 
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In high energy density battery research the compositional 

changes in a cell as a function of storage time and extent of discharge 

have a particular significance. The types of materials used in these 

cells usually consist of the group lA and IB metals as anodes and the 

groups 7A and 8A non-metals as cathodes. These materials are light

weight and extremely reactive - thus satisfying the high energy density 

criteria. The key to understanding the goals and accomplishments of the 

high energy density program co~~s from the realization that within any 

one battery there is a combination of materials which have the potential 

for making the system explosively unstable. As a result, the use of the 

reactive electrodes complicates the composition changes within the bat

tery and therefore, from the above arguments, complicates the cell 

electrochemistry. 

The types of galvanic cells that have been developed using the 

reactive anode-cathode contributions fall into two distinct classes -

thermal batteries and ambient temperature batteries. A representative 

sampling of the important types in each class is discussed below. The 

important common factor in the studies of all these batteries is that a 

chemical knowledge of the compositional changes at the electrode inter

faces and the bulk electrolytes as a function of storage time and 

discharge plays a critical role in the full development of these bat

teries for daily usage. 
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1.2 Use of Active Materials in New High Energy Density Cells 

One way in which a highly reactive anode-cathode combination can 

be used in an electrochemical cell is to physically separate the two 

electrodes so that there is never any direct contact between them. This 

method is used in the sodium-sulfur cell (12-15). The battery is 

operated at 300-400°C and both the Na and S are in the molten state. 

The two electrodes are separated by a ceramic membrane composed of 

a-alumina (8.7% Na20, 0.7% Li20, 90.4% Al203). At the operating 

temperature the membrane shows a high ionic conductivity for Na+ ions 

(16,17). Contact to the electrode is made via a wire whereas the sulfur 

melt is suspended within a porous vitreous carbon felt. Electrical 

contact to the felt is made via inert titanium contacts to reduce 

corrosion by the molten sulfur. The open circuit potential of the cell 

is 2.0 volts and it is rechargable; with up to as many as 10,000 cycles 

being reported for small test cells (13-15,18). 

During discharge, positive Na+ ions traverse the thickness of 

the alumina membrane and combine with S2- ions produced by reduction on 

the carbon felt. The final product is the formation of a liquid sodium 

polysulfide Na2Sx. The cell is then sulfur concentration polarized and 

the end of the discharge cycle is signalled by a drop in operating 

voltage. During recharge the reverse chemical reaction occurs. The 

biggest problem is insolubility of the newly regenerated sulfur blocking 

the sites in the carbon felt from further S2- oxidation (19,20). Loss 

of cell capacity over a large number of charge-discharge cycles has been 
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attributed to this mechanism. To alleviate this problem during 

charging, a convective current is thermally established within some 

cells to enhance mixing. 

There are several mechanisms which contribute to cell failure in 

the Na-S battery. Long term degradation of the container materials can 

be expected from the highly reactive and molten Na and S components 

coupled with the increased temperature of the system. This can lead to 

embrittlement of the container and leakage of the corrosive materials 

(19). By far, however, the most important contribution to cell failure 

is the ~-alumina membrane. In this system the membrane acts as a solid 

electrolyte so the Na-membrane and S-membrane interfaces are most impor

tant in determining the electrochemical behavior of the cell. One con

side~~ble problem which arises is the inability of the molten sulfur to 

'wet' the membrane uniformly. During discharge, high current 'hot 

spots' of high conductivity are created which lead to the deposition of 

Na metal within the membrane. This mechanism has been proposed to 

explain internal shorting behavior and the physical embrittlement and 

subsequent cracking of the membrane leading to total cell failure (16). 

An opposite effect to internal shorting occurs if there is depo

sition of reaction product at the S-membrane interface. In this case 

the internal resistances of the cell would increase and a corresponding 

loss in cell voltage (and energy) results. This effect has been 

observed but, in general, is important only after the cell has been 

subject to a large number of cycles (12,19). 
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The interface between the electrodes and the s-alumina membrane 

are the regions which determine the discharge chemistry and ultimate 

lifetime of the Na/S cell. Like any other electrolyte, the composition 

of the membrane can be chemically altered to minimize not only the 

interactions described above but also the amount of impurities present 

within the solid phase. Also, chemical modification of the cell con-

tainer and seals will prevent leakage or venting and extend the useful 

operating lifetime of the battery to make it more suited for commercial 

use. 

Another system which has been thoroughly examined for uses simi-

lar to the Na/S cell is the lithium alloy-iron disulfide thermal bat-

tery (21-27). Unlike the Na-S cell, however, the Li-Alloy/FeS2 has both 

electrodes immobilized at all times. At ambient temperatures the 

electrolyte, a LiCl-KCl eutectic, is solid and prevents physical contact 

and consequent self-discharge of the components. When the cell is acti-

vated it is brought rapidly up to the operating temperature of 

400-S00°C, the eutectic melts and the discharge proceeds, directly ana-

logous to conventional room temperature wet cells. The overall cell 

reaction is 
+ 

4Li Alloy + FeS2 + Feo + 2Li2S + 4 Alloy 1.2 

with an open circuit potential of 1.8 volts. Nqte that the FeS2 cathode 

does not strictly fit the definition of an active electrode material as 

previously discussed. The transition metal sulfide are good conductors 

and sulfur is present mainly to stabilize the high oxidation state of 
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iron. Nevertheless, sulfur plays a central role in the cell chemistry 

in both the charge and discharge cycles. 

Because of the use of solid electrodes, the behavior of the 

LiAlloy!FeSZ thermal battery is most sensitive to the initial chemical 

state of the anode and cathode and also to any morphological and chemi

cal changes these materials undergo during the normal operation of the 

cell. Originally, lithium metal pressed into a metal grid was used as 

the anode. At the elevated temperatures of the battery, however, it was 

found that the metal would freely flow into the eutectic and self 

discharge at the cathode causing internal shorting (28,29,30). As a 

result, the metal was alloyed with either aluminum or silicon and the 

resulting compound is a solid at the operating temperature of the cell. 

There is some resulting loss in cell emf: 200-300 mV versus lithium 

depending upon the composition of the alloy. 

The lithium-alloy anodes also present one other problem: during 

discharge, by virtue of the migration of Li+ ions toward the cathode, 

the composition of the anode is constantly changing. The electrode 

discharges in a series of steps whose number is a function of the 

original anode composition (22,31). The FeS2 cathode likewise 

experiences a compositional change due to migration of S2- ions toward 

the Li anode (22,31). The specific anode and cathode chemical 

compositions which give rise to the steps have been identified 

(22,33-34) and attempts have been made to minimize these effects 

(24,35,36); but generally they cannot be entirely eliminated. The 
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voltage vs. time plateaus that are observed are significant because they 

imply that the battery would be useful only in a narrow range of its 

total material capacity unless some form of voltage regulation is used. 

There are a number of passivation and surface phenomena that 

are observed in the FeS2 cell. Abnormally high peak voltages at initial 

load have traced to the presence of sulfur oxides on the surface of 

the FeS2 cathode (37,38). The introduction of reducing agents such as 

MgO to the cathode (39) as well as production of the FeS2 in ultra high 

purity environments (37,38) have been shown to alleviate this problem 

but can be expensive and in some cases, can lead to new contributions to 

the electrochemistry of the electrode (37). During discharge, 

precipitation of Li2S on the surface of the cathode has been identified 

as a mechanism for increased internal resistance of the cell (39,40). 

Surface oxidation of the anode material during preparation can lead to 

capacity loss and increased internal resistance (40,41). Also, as in 

the Na-S cell, the container and metal to electrode contacts are subject 

to corrosion by the reactive S2- and Li+ ions that are produced during 

the normal cycling of the battery (42,43). 

Many of these processes are identified and explained in an 

earlier paper by this research group using surface sensitive electron 

spectroscopic techniques (40). This work studied the electrode/ 

electrolyte interface with an emphasis on the chemical composition as a 

means of predicting the cell behavior as a function of temperature and 

discharge. The techniques used set the basis for the development of the 
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methods and ideas which are applied in this dissertation. A copy of the 

paper giving the results we obtained for the Li-Si/LiCI,KCI/FeS2 battery 

is given in Appendix A. 

The lithium alloy/iron disulfide and sodium/sulfur cells are two 

examples of systems whose main chemistry is dependent on the dynamic 

changes which occur at the electrode solution interface. These are also 

two systems where passivation studies on the surfaces of the materials 

present in the cell have lead to a better understanding of the cell che

mistry and therefore improvements in design and function. These cells 

are two examples of a large class of thermal cells which are now being 

explored (2,4,44-46). Because of the heat both generated in and needed 

to maintain these systems, however, their use as portable, small power 

supplies is severely limited. As a result considerable interest has 

been devoted to developing high energy density ambient temperature 

cells. From this effort two important systems have emerged as useful 

for longtime application - the Li/S02 cell and the Li/SOCI2 cell. The 

following discussions and the bulk of this work of this dissertation 

deals with the Li/S02 cell but it should be noted that the chemistry of 

the two systems are nearly identical so that the application of the 

ideas and techniques developed here can be both transferred and extended 

to the Li/SOCI2 battery. 

The lithium/S02 cell consists of a lithium metal anode immersed 

in a solution of 0.5 M lithium bromide (or other salts) in an aceto

nitrile (CH3CN) solvent. The cell is overpressurized at ca. 4.5 



13 

Table 1.1 Thermodynamic Values for Important Reactions in the 
Li/S02/CH3CN System 

Reactants Products flG kcal/mole flH (kcal/mole) 

Lio+S02 LiZSi04 -134.za -lZl.84 

Li °+CH3CN LiCN, CH4 ca.-l30b -160 
(CH3CN-CHZ-CN)x 

Li+ 

Li+S* LiZS -108.3c -lOZ 

Li+HZO LiOH+HZ -117.4d 

Li+OZ LiZO -Z84.8e 

* Indicates possible impurity 

a Estimated from open circuit potentials in actual cells from Levy & Bro 
reference 50. 

b Estimated from flG = flH - TflS and the value calculated in reference 10. 

c Estimated from a current potential for LiZS and from reference 50. 

d From Dey reference 60. 

e From Dey reference 63. 
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atmospheres with sulfur dioxide which is soluble in the CH3CN and acts 

as the primary ,oxidizing agent. A porous graphite electrode acts as the 

cathodic current collector and provides sites for the reduction of the 

S02' The ratio S02: CH3CN: LiBr in a typical cell is 75:18:9 weight 

percent and the amount of Li is adjusted so that the cell is anode 

concentration limited. The important cell reactions during discharge 

are: 

Anode: 2 Li ~ 2Li+ + 2e- 1.3 

Cathode: 2S02 + 2e- ~ -S2042- 1.4 

Overall: 2Li + 2S02 ~ Li2S204 1.5 

The thermodynamic open circuit potential of the cell is 

3.01 volts. Relevant thermodynamic parameters for the Li!S02 cell are 

shown in Table 1.1. Construction procedures for the fabrication of the 

cell body and containment of the overpressurized components have been 

well reviewed (47-51) and will not be explicitly discussed in this work. 

The Li/S02 cell shows an excellent shelf life - up to five years 

with near 100% retention of original cell characteristics. This stabi

lity could not ordinarily be predicted. Pure lithium metal is found to 

be very unstable toward both the CH3CN solvent and the dissolved S02 

cathode as shown in Table 1.1. It can be concluded that the Li/S02 

battery is an unusual exception in the active materials battery series 

in that it exemplifies a case where a strong reducing agent, the 

lithium anode, is in direct contact with a strong oxidizing agent, the 

dissolved sulfur dioxide throughout the life of the cell. 
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The work performed to identify the source of the stability has 

lead to the discovery of a passive film that forms on the Li anode upon 

exposure to the electrolyte - cathode - solvent mix. Based on the fact 

that Li metal reacts violently and irreversibly with acetonitrile and 

the fact that S02 is present in largest amounts in the cell, it was pro

posed that a possible lithium-sulfur-oxygen film was responsible for the 

stable behavior (50-54). 

A stable passive film on the surface of the Li anode will affect 

the electrochemical behavior of the system under nonequilibrium (large 

external load) conditions. Qualitative expectations of this process are 

given in Figures 1.2 and 1.3. The current voltage curves (4,8) derived 

for the electrodes in an ideal hypothetical cell are shown in 

Figure 1.2a. Figure 1.2b represents a situation where the film is 

electrochemically active at potential values positive to the Li/Li+ 

couple. The observed cell potential would be lowered until the film is 

completely oxidized, after which the potential will revert to the normal 

Li/Li+ couple. The cell voltage vs. time behavior expected in this time 

of situation is given in Figure 1.3b and describes a process known as 

voltage delay. This phenomenon has been observed in Li/802 batteries 

and has been traced directly to the film on the Li anode (52). 

Figure 1.2c describes a situation where the film shows no 

electrochemical activity but instead acts as a resistance to charge 

transport. The effect is to superimpose the normal CV curve for lithium 

on an Ohm's law curve whose slope is dependent on the electrical 
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resitivity of the film. Figure 1.3c gives the cell voltage for this 

film and shows that the operating voltage of the battery is always 

suppressed throughout the lifetime of the cell. Finally, Figure I.Zd 

describes a case where surface impurities show electrochemical reaction 

at potentials negative to that of the Li/Li+ couple. The CV behavior 

will be a sum of the impurity behavior plus the Li couple behavior until 

the surface impurities are consumed. Figure 1.3d shows that the cell 

voltage vs. time plot will be presented by an initial large anomalous 

spike. Voltage spiking has been observed in other active material 

systems (37,38,46) but is not a serious problem in the Li/SOZ cell. 

Observable behavior of the Li/S02 cell can be explained on the 

basis of kinetic inhibition of charge transfer due to a passive film on 

the lithium anode. One other behavior not previously discussed is the 

effect the film has on charging of the cell. As mentioned, these cells 

are normally designed to be Li concentration limited, i.e. the lithium 

metal supply is exhausted before the S02 supply so that bare Li is never 

in contact with the CH3CN solvent. During the recharge cycle it is 

advantageous to cathodically regenerate the Li metal under the protec

tive layer of the film to prevent the CH3CN/Li reaction from occurring. 

This appears not to be the case for the Li/S02/CH3CN system (52-55) and 

the reason for rapid cell venting during recharge cycles has been attri

buted to inhibited ionic transport through the film thereby allowing the 

Li/CH3CN reaction to occur (56-59). 
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It is clear that the protective film which gives the Li/S02 

superior storage characteristics is the cause of significant adverse 

effects in the discharge chemistry of the cell. It has been shown that 

the way in which a film can change the electrochemistry of the anode is 

dependent upon its chemical composition, morphology, stability and its 

rate of formation. Until recently, little attempt has been made to spe

cifically identify the passiv~ting species and relate the physical pro

perties of the film to electrochemically observable behavior. As a 

result the behavior of the Li/S02 battery under a variety of conditions 

could not be predicted with any accuracy and this severely limited its 

use. A detailed knowledge of the chemical behavior of each reactive 

species would yield reliable information on how the cell is discharging, 

the reasons for irreproducible cell behavior, and reasons for loss of 

shelf life of the battery. This information would be of great impor

tance to the battery industry because it eliminates real time testing 

and specifically identifies problems that need to be solved before the 

battery becomes suitable for commercial use. 

1.3 Formation of the Semi-Passive Film on Li Surfaces 

The first study to identify the composition of the passive film 

formed on the anode in Li/S02 cells was made by Dey (52). Based on 

studies on the reaction of bulk lithium metal with high pressures S02 

gas, he postulated that upon contact with the solvent/electrolyte/ 

cathode mix the Li metal reacts to form a surface layer 

of Li2S204' The composition of the layer was dependent upon other 
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species initially present in the cell; though he eliminated any passive 

film formation with the CH3CN due to the absence of any initial explo

sive behavior. Scanning Electron Microscopic (SEM) examination of the 

film from undischarged cells showed a bilayered structure with a thick, 

porous over layer on top of a thin compact layer. Since a porous layer 

cannot, by definition" be chemically or electrochemically passive, the 

stability of the cell I was attributed to the solid underlayer of unknown 

composition. The rate of growth of the film was found to be temperature 

dependent with batteries stored at higher temperatures yielding signifi

cantly thicker films and voltage delays. The mechanism of discharge of 

the cell was postulated to proceed through a localized disruption of the 

compact later with sulilsequent passage of ions through the diffuse S2042-

overlayer. This mech~lnism suggests a nonuniform discharge profile at the 

anode/electrolyte interface which could be responsible for slight 

irreproducibility between successive discharge cycles. This results 

from the inability of It he film to reform reproducibly once the passage 

of current stops or decreases. 

In a follow up study initiated to identify the species respon

sible for thermal runaway in 11/802 cells, Dey and Holmes (60) used 

Differentia.l Thermal Analysis (DTA) on mixtures of components found in 

the battery. They found that the Li-acetonitrile reaction was the most 

exothermic, whereas L~ metal was stable toward reaction with S02 to 

temperatures up to 320°C. Their results were confirmed by Dallek et al. 

using Differential Scanning Calorimetry (61). They showed that the rate 
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of consumption of Li by CH3CN could be mitigated by additions of small 

amounts of S02 and used this as evidence for the major role of S02 film 

formation in battery stability. Subsequently, the activation energy for 

the Li-CH3CN reaction (53,54,62) was calculated to be 13 Kcal/mole. The 

rate of reaction could be decreased by a factor of eight for large 

additions of propylene carbonate or S02. The propylene carbonate 

passivates the lithium surface with the formation of Li2C03 and has been 

suggested as an additive to the acetonitrile solvent to prevent 

explosions in S02 cathode concentration limited cells (63,64). The 

authors further noted that there was a significant correspondence 

between DTA runs of d~screte cell components with the thermal analysis 

of discharged whole cells (60). They concluded that S02 passive film 

formation proceeds unhindered even in the presence of the acetonitrile 

solvent and that a breakdown of the cell into its main constituents was 

a useful means of identifying contributing reactions to cell discharge. 

Electrochemical studies on inert electrodes have been important 

in identifying the mechanism of discharge and the possible products 

formed in the Li/S02 system. These studies are relevant to lithium 

passive film chemistry because the electrochemical reduction of S02 on 

metal substrates is directly related to the internal self discharge 

mechanism that the surface of the lithium undergoes upon exposure to S02 

to form the protective layer. Gardener et a1. (65) studied the 

mechanism of reduction of S02 on mercury in solutions of dimethyl

formamide with 0.1 M tetraethylammonium perchlorate as the supporting 
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electrolyte. They found that the initial one electron reduction 

of S02 to form the radical anion S02~ was followed by three possible 

reactions: 

+ 
S02~ + S02 + S204= 1.6 

1.7 

1.8 

The dimerization reaction 1.7 is the most important in terms of 

large concentrations of S02 and lower temperatures - two conditions 

which frequently exist in S02 cells. The SO formed in reaction 1.8 can 

further disproportionate to form elemental sulfur and S02. In a 

subsequent paper they note that the solvent will play an important part 

in determining the pathway of reduction (1.6, 1.7 or 1.8) in non-aqueous 

systems (66). The work is significant in that it raises the possibi-

lity that the initial formation of films by electrochemical or chemical 

reduction of S02 may not yield solely dithionite as a product. On the 

basis of these ~esults, the structure of the film can be expected to be 

temperature and S02 concentration dependent. These are interesting 

results in light of the two layer model (Dey) and of the different 

voltage delay behavior observed for cells stored at different 

temperatures. 

Sulfur dioxide reduction has been studied in acetonitrile (67), 

dimethyl sulfoxide (68) propylene carbonate (56,69) and dimethyl sulfite 

(70), with the results agreeing qualitatively with the work of Gardner. 

From these studies (particularly those on active metals in non-aqueous 
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solutious) Peled (58) was able to propose a simplified model of how 

charge and discharge cycles proceed in the presence of a protective, 

insoluble film on the anode surface. He assumed that the film would 

transport only positive metal ions and proposed that a hopping mechanism 

as a rate determining step in thick films would account for increased 

internal resistance and voltage delay effects. In recharge cycles, 

local heating of the passive layer would create hot spots within the 

film thereby allowing metal ions to deposit inside the film as well as 

on the metal surface. Surface metal clusters would react with the 

solvent whereas those formed within the confines of the film would help 

contribute to decreases in discharge current efficiency. The author 

suggested that doping of the boundary layer would be an effective way to 

increase the ionic conductance and therefore decrease local heating due 

to the passing of ions through the film. A model for film growth based 

on these initial assumptions was developed and tested. It was disco

vered that although a parabolic growth law was predicted, most systems 

showed marked deviations from the mathematical model. This was attri

buted to the finite mobilities of anions within the passive layer. A 

finite concentration of anions present within the film could provide 

sites for recombination with mobile cations thereby contributing to the 

general growth of the layer with time. 

The model by Peled is clearly oversimplified but within its fra

mework it is apparent that small compositional changes in the film would 

have large effects on the chemistry of discharge. The discrete 
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C'omposition of the passive layer is generally unobtainable 

electrochemically. Although electrochemical methods are extremely 

sensitive to the chemical state of the electrode surface, they give 

little qualitative molecular information. The data obtained by Dey and 

others using differential thermal analysis is useful for predictions of 

bulk composition in the Li/S02 system, but it is unlikely that this 

method is sensitive to monolayer and submonolayer concentrations of 

materials present at the electrode surfaces. As a result, discrete film 

structure which may contribute to the discharge chemistry would go 

largely undetected in the analysis of the cell components. It would be 

an advantage to have a method that would be able to detect small 

compositional variations in the passive layer. Since the layer forms on 

the surface at the anode and since this surface determines the rate of 

ionic and electron transport between the bulk anode and the electrolyte, 

surface analysis of the electrode would yield important information with 

respect to molecular speciation and structure. Conventional 

spectroscopic surface analysis techniques such as X-ray Photoelectron 

Spectroscopy (XPS) and Auger Electron Spectroscopy (AES) are typically 

sensitive to ~10-10 mole/cm2 of material present on a surface, and thus 

are suited to the study electrode films. 

The first surface study directed at studying film formation on 

Li surfaces with the intent at identifying impurity effects was ini

tiated by Modeman (71). He used AES to study the tendency of clean Li 

metal to react separately with 02, C02 and N2 to form films of Li20, 
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Li2C03 and Li3N respectively. The reaction with nitrogen was the 

slowest, showing no appreciable surface concentration with exposures of 

up to 2 x 105 torr sec. He concluded that for anodes prepared in dry 

room atmospheres, oxygen and carbon dioxide are significant contaminants 

on the surface. The author noted that exposure to dry air did tend to 

'spot' the electrode. Local chemical inhomogeneity would yield regions 

of different energies with respect to the active cathode material and 

could give a non-uniform discharge profile. Analysis of the black spots 

by AES showed them to be composed chiefly of lithium, oxygen and 

nitrogen. The results suggested that there may be active sites for 

nucleation during the growth of the film. The difficulty with this 

study is that the results tend to be qualitative with no basis for 

estimating how the various contaminants would effect film formation with 

S02 or discharge of the Li/S02 cell. 

Anderson et al (72) used XPS and SEM to study films of 

discharged and undischarged whole cells. The SEM studies showed that 

discharge of the anode yielded a film which was less homogeneous than 

the undisturbed cell. The less uniform surface formed after discharge 

could be due to inhomogeneous current density across the plane of the 

electrode and the local existence of hot spots. X-ray photoelectron 

spectra of inactive lithium electrodes showed a suprisingly small amount 

of sulfur present within the film. The sulfur was present predominatly 

as S032- and not S2042- as was expected. Furthermore large quantities 

of C, As and F were present leading the authors to conclude that the Li 
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was reacting with both the acetonitrile and the el~ctrolyte (LiAsF6) 

during the formation of the layer. The same studies on discharged ano

des showed a relative increase of total sulfur by a factor of 2.5. This 

sulfur was in the same chemical state as before, however and the authors 

intetpreted this as an indication of high stability of sulfur species 

within the film. This was not true of the other elements present in the 

film which showed that discharge caused a complex molecular 

rearrangement; with carbon possibly being bonded directly to oxygen and 

fluorine. No specific identification of the compounds formed after the 

discharge cycle was given. 

The most significant result of this work is the establishment by 

a surface technique of the stability of the sulfur containing compounds 

in the passive film. The usefulness of the work however, in 

establishing a model for film growth and composition is unclear. This 

is mainly due to the fact that the analysis scheme sa~pled only a top 

few atomic layers of a very thick film. Due to the mean free path of a 

photoelectron in a solid matrix, XPS effectively analyzed only the top 

50 A of the layer, which was estimated to be 6-10 ~m in depth. It is 

likely therefore, that the results obtained are indicative of the 

composition of the outer diffuse portion of the film. This conclusion 

is supported by the inability of the authors to find a LiD metal XPS or 

Auger peak in their analysis. The reduced quantity of sulfur in the 

film and the presence of solution and electrolyte species can be 

explained by the fact that as the passive boundary grows outward from 
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the Li surface there will be outer regions whose chemistry would more 

likely be affected by solution-electrolyte interactions than by the bulk 

Li anode. The interfacial region between the metal and the film, which 

has been shown to be important during the discharge process, was 

probably not being explored in these studies. 

There have been other surface studies on the Li-sulfur film 

using a variety of techniques (73,74) but they usually suffer from the 

same limitation - the inability to sample both the bulk and electrode 

film interface. As a result, a chemical region of supreme importance to 

the electrochemical behavior of the system has not been effectively 

explored. The intention of this work to probe and elucidate some 

of the chemical properties of the Li-film interface. 

1.4 Summary and Problem 

It can be summarized that the Li metal, upon immersion in the 

soluble cathode-solvent-electrolyte mix, is covered by a stable film 

which most probably is composed mainly of a lithium-sulfur-oxygen com

pound. From electrochemical studies, the film has been shown to be 

nonuniform with respect to molecular composition. The film composition 

itself is dependent on state of discharge, temperature and the type of 

solvent and electrolyte. The film protects the Li anode from the con

acetonitrile solvent during discharge, but on recharge cycles may 

inhibit ionic transport and may be detrimental to redeposition of the Li 

metal to reform the anode. What is still not known about the system is 

the composition and rate of formation of the layer - two important 
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parameters which have been shown to be determining the electrochemical 

behavior of the cell. 

In most conventional methods this information cannot be obtained 

directly but must be inferred as seen from previous stuqies. This is 

due to the fact that the Li/S02 system contains an extremely complex 

array of reactions both during formation of the passive film and 

discharge through it. A direct analysis of the film would, by 

definition, contain too many variables to be able to formulate a clear 

basic model of its growth and behaviour. A solution to this ~roblem is 

to controllably build the film step by step, starting from the clean Li 

surface, and study the rate of chemical reaction and composition as a 

function of layer buildup. The separate reactions· of the oxidants, 

organic solvents and electrolyte with the bare anode will .give 

significant information on the molecular structure, rate of formation 

and morphology of the film because it is the basic metal-component 

interaction that determines the chemistry of layer formation in actual 

cells. 

This study uses this approach to study the film formation reac

tion that lithium undergoes with S02. Sulfur dioxide was chosen because 

as outlined, previous studies have identified the importance of S02 in 

stabilizing the Li metal to the explosive reaction with CH3CN via the 

formation of an anodic film. The reaction studies with 802 have even 

further significance due to the catalytic poisoning effects the sas has 

shown on other metals (75-77), and b~cause increased quantities of 802 
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in the atmosphere have affected many surfaces of materials that are 

subject to long exposures to the weather (78,79). 

A model developed on the interaction of S02 with Li alone as a 

passive layer would necessarily be oversimplified. Each reaction can be 

studied separately, however, and once their kinetics and thermodynamics 

are understood, combinations can be used to build the film as it would 

exist within the battery. Each stage of build up can be analyzed for 

molecular structure and a 'depth profile' of the morphology and com

position can be obtained. The methods outlined here can be extended to 

other electrochemical systems of interest, obtaining information not 

only on electrode passivation processes, but also on materials problems 

such as the corrosive attack on the container and alumina membrane by 

the reactive components of the Na-S cell. A fundamental knowledge of 

the chemistry of those process could lead to better cell construct~on 

and better predictive power in the performance of the cell under almost 

any laboratory condition. 

The gas-phase interaction of Li with S02 is studied by means of 

Auger Electron Spectroscopy to obtain direct informat~on on the molecu

lar species present throughout the reaction. The systematic film 

construction requires that the surface of the Li metal be atomically 

clean and that the temperature and rate of the exposure of the surface 

to the gas be precisely controlled. Chapter 2 of this work describes 

the vacuum technology developed to achieve these aims. It also 

discusses the experimental aspects of Auger Electron Spectroscopy. 
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Chapter 3 discusses the procedures and approximations made which 

takes Auger Spectroscopy from a qualitative elemental analysis technique 

and adds quantitative and molecular identification capabilities. 

Results are given for a series of sulfur-oxygen standard compounds which 

may be found in a film on lithium upon exposure to SOZ. The results are 

compared to independent self-consistent-field calculations for the mole

cular orbitals and a discussion of the technique as a method very sen

sitive to molecular structure on the surface of solids is given. 

Chapter 4 uses the techniques developed in Chapters Z and 3 to 

study the rate and mechanism of the reaction of SOZ on atomically clean 

lithium surfaces. Isothermal rate studies are given which are used to 

calculate the activation energy of the gaseous species on the lithium 

surface. The molecular composition of the films as a function of growth 

and temperature is observed. These results are used to formulate a 

molecular model for the film growth induced by the reaction. This is 

evaluated in light of some observed behavior in Li/SOZ batteries 

constructed in UHV or glove box environments. 



CHAPTER 2 

EXPERIMENTAL PRINCIPLES 

This chapter is a description of the development of the experi

mental apparatus used in taking the Auger data and in measuring the 

reaction rate of S02 on the lithium surface. Two goals were reached 

during this developmental stage. First, the Auger data was retrieved in 

a form lending itself to digital manipulation on a computer. Data 

reduction programs were designed to help in the removal of the electron 

energy loss background and broadening functions contributing to the raw 

experimental signal. Second, a UHV chamber was constructed which pro

vided a strictly controlled environment for cleaning, reacting and moni

toring the reaction of a lithium surface. The chamber was coupled 

directly to the Auger spectrometer ensuring that contamination of this 

sample by the atmosphere during transfer was prevented. 

The solutions to the problems associated with cleaning, reacting 

and transferring a lithium sample within a vacuum system whose pressure 

did not exceed 5 x 10-9 torr are thoroughly discussed. A diagram of 

the working apparatus is provided, as is empirical information. Notes 

by the author during the experimental application of the systems are 

discussed in this chapter. The new designs decrease pump down time, 

minimize sample contamination and ease the construction of small, inter

nally mounted, vacuum parts. 

31 



32 

Finally, a list of the programs used collect and reduce the 

Auger data is given within this chapter. The important programs are 

documented and listed in Appendices as noted throughout the text. 

2.1 Auger Electron Spectroscopy 

2.1.1 Instrumentation and Experimental Parameters 

All Auger spectra were taken on a Physical Electronics 

TFA - Auger analysis system. The emitted electrons were analyzed using 

a single pass cylindrical mirror analyzer (CMA) (PHI 10-234G CMA, Eden 

Prarie, Mn.) with a resolution (~E/E) specified at 0.6%. The system was 

pumped via ion pumps (Ultek, Palo Alto, Ca.) at a total speed of 

200 liters sec-I. For all experiments base pressure of the analysis 

chamber did not exceed 5 x 10-9 torr. 

The electron gun was operated at an accelerating voltage of 

2 kiloelectron volts (keV). Emission currents of 0.02 - 0.10 ~A were 

used at an incidence angle of 23-45° to the sample normal. The beam 

diameter was ca. 0.1 mm. The electron beams were focused by detecting 

the backscattered electrons from the primary beam and varying the sample 

position so that a maximum current was obtained when the analyzer was 

set to pass electrons whose energy were equal to the accelerating 

voltage. For precise determinations of electron energy, the spectra 

were also referenced to an internal standard. The carbon (KLL) Auger 

transition from graphitic carbon, which is a common contaminant in all 

vacuum systems, was frequently used. 
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The spectra were obtained by two methods. First, the reference 

output of a lock-in-amplifier (LIA) (PHI LIA 32-010) was used to impose 

a sinusoidal background (10-20 kHz) on the analyzer voltage ramp: the 

in-phase AC component was detected and capacitatively coupled to ground. 

These spectra are recorded as the 1st derivative of the Auger signal: 

d[N(E)'E] dE vs. kinetic energy. Modulation voltages can range from 

1-10 eV, however 3 eV was the upper limit set to prevent signal 

distortion (SO). 

The second method of obtaining spectra recorded the direc,t 

electron current as a function of energy. To accomplish this an isola

tion amplifier (Sl) was used to convert the current at the last dinode 

of the multiplier to a voltage referenced to ground. The spectra were 

recorded as the collector signal (N(E)·E) versus kinetic energy. 

2.1.2 Data Handling and Reduction 

The Auger signal was recorded and displayed in either one of two 

ways. Analog signals were recorded directly from the lock-in-amplifier 

for d(NE'E)/dE spectra or from the isolation amplifier (Analog Devices 

2755, Cambridge, Ma.) for N(E)'E spectra. Digitized spectra were 

recorded on an LSI-11/23 minicomputer (Digital Equipment Corp. Maynard, 

MA) having 12SK byte random access memory and 1 M byte of floppy disc 

storage memory. An ST-LSI-DA4A DAC (Datel Systems INC., Mansfield) was 

used to drive the Auger system control (PHI II-500A, Eden Prarie, Mh.) 

in a 0-2500 eV scan range. An ST-LSI2-ADC (Datel) was coupled to the 

output of the lock-in amplifier for dNE'E or the isolation amplifier for 
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N(E)·E spectra. The data were sampled at a resolution of .625, .312 or 

.156 electron volts at scan rates variable from 1 to 3 electron volts 

per second. The LIA and the isolation amplifier were never used 

simultaneously (81). 

To increase the signal to noise ratio at low beam currents the 

Auger signal frequently was averaged over 2-6 repetitive scans. The 

resolution used for lineshape analysis was typically .156 eV and the 

scan rate for all six scans was 3 eV per sec. 

The data acquisition programs (42) combined MACRO-II (DEC) and 

Fortran IV. Data reduction and modification programs were written in 

Fortran. A complete compilation of programs written by the author for 

AES data is given in Table 2.1. 

2.1.3 Sample Mounting 

Samples were sometimes mounted directly into the spectrometer 

chamber. The ion pumps were separated from the main chamber via a 'pop

pit' valve and the chamber was backfilled using argon gas. The sample 

carousel bolted on top of the chamber was removed and the port sub

sequently covered so that an internal overpressure of argon existed. 

Samples were mounted directly on the stainless steel carousel. 

Conductive samples were secured via a sample clip as shown in 

Figure 2.1a. Nonconductive samples were loaded via a securing 

grounding strap as shown in Figure 2.1b. 

The carousel flange was refitted on the top of the Auger bell 

chamber using a new copper a-ring. The argon supply removed and the 
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Table 2.1 Fortran Data Reduction Programs 

Program Name Function 

VANCIT.SAV Van Cittert deconvolution 
algorithm for AES data 

FOR3.SAV FFT deconvolution algorithm for 
AES data 

GAUSS.SAV Generates a Gaussian curve 

RCOR.SAV Calculates the rate and sticking 
coefficient from the pressure vs. 
time responses 

MOD2.SAV Truncates or shifts a spectra on 
the eV scale 
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system was rough-pumped using staged molecular sorption pumps cooled 

with liquid nitrogen (Ultek). When a pressure of less than one 

millitorr was reached the system was slowly opened to the ion pumps. 

Also, periodic cycling via a titanium sublimator pump was performed for 

the first 1-2 hours of the pump down to getter any water that had leaked 

in. Total pump down into the 10-9 torr region was usually achieved 

overnight without baking the analysis chamber. For 'dirty' samples, a 

one day heating of the analysis chamber to 150°C usually resulted in a 

base pressure of ca. 5 x 10-10 torr after cooling. 

2.2 The Transfer System 

2.2.1 Introduction 

The transfer system was designed to provide a controllable and 

isolatable environment where sensitive samples could be introduced, 

reacted, and analyzed via AES, without being exposed to atmospheric con-

ditions. The utility of the system is particularly evident in this work 

where the highly reactive Li metal was required to react with strong 

oxidizers such as S02 or SOCl2 in the presence of low partial pressures 

of interfering species. For reaction rate studies, a small volume for 

increased sensitivity was required. Variable temperature control and 

measurement could be difficult considering that the reactive species may 

exist in an environment of 10-8 or 10-9 torr of highly corrosive and 

poisonous gases. It was desirable to analyze the sample without having 

to expose it to atmosphere where the surface could react and be modified 
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to the point where the surface analysis information would become 

meaningless. And finally, it was not desirable to expose the inner 

workings of the UHV spectrometer chamber to corrosive species which may 

deteriorate parts or which may become adsorbed to the walls; only to 

desorb at a later time to effect results of future analysis. 

2.2.2 Construction of the Transfer System 

A schematic diagram of the transfer system is given in 

Figure 2.2. All external system parts were welded stainless steel 

with copper O-ring sealed flanges. The vacuum tube sizes were standard 

1.25" inner diameter with 2.75" flanges. The view ports were ground 

sapphire or glass. 

The new transfer components consisted of 3 magnetically coupled 

rods Rl,R2 and R3 (Huntington, Mountain View, Ca.). The sample was 

picked up at either the reaction chamber B or the AES chamber A via a 

threaded attachment (6/32 stainless steel) which screwed directly into 

the sample block (Figure 2.4). The rotary rod (R2) perpendicular to the 

chamber was modified on the end to attach to a sample cart. The cart 

(Figure 2.3) was a bullet shaped piece of aluminum which was machined to 

contain a slot for the sample block. The smoothed ends functioned as 

guides through the transverse tube. Poor alignment of the transfer tube 

resulted from uneven torqueing and welding dissimilarities in flange 

mating surfaces. 

Two pumps were used to achieve and maintain UHV conditions. An 

Ultek 25 liter/sec ion pump, P2, was used to evacuate the section which 
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Figure 2.3 UHV 'Bullet' sample cart for movement of samples in the transfer system. 
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included the entrance to the UHV chamber A. It was isolated by a half 

turn butterfly valve G5. A Pfeifer (Balzers, Hudson, NH) 110 liter/sec 

turbomolecular pump (P1) with a DUO 1.5 rotary vane pump is used as both 

a rough pump and UHV pump. It was isolated via a copper seat valve G6. 

Gate valves G1 and G2 isolated the reaction chamber and the transfer rod 

respectively. Gate valve G3 separated the two sections of the transfer 

system so that the reaction chamber could be pumped separately and the 

section which leads into the AES chamber be kept relatively clean. Note 

that the location of the gate valves were variable and could be 

relocated depending upon the needs of the experiment. The entire 

transfer system was separated from the Auger bell chamber via a copper 

seat valve G7. This valve was usually kept closed so that backstreaming 

of contaminants into the AES chamber was minimized. 

Reactive gases were admitted to the chamber through the sapphire 

variable leak valve (G8) and the pressure was monitored using an 

Anavac (VG Scientific LTD, Chesire, UK) Residual Gas Analyzer (RGA) 

mounted as shown in Figure 1Q. 

The system pressure was commonly in the low 10-9 torr range 

with baking to ensure desorption of gas from the walls. This pressure 

reflected mostly hydrogen which diffused through the stainless steel fix

tures. With prolonged bakeouts the pressure was reduced to the 

5.0 - 9.0 x 10-10 torr range when desired. For system turnarounds an 

'up to air' gold seal valve (G9) coupled to an argon tank was added. 

Pump down time after atmospheric exposure was typically overnight 

depending upon the previous history of the vacuum. 
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For soft materials (such as group I metals), fresh surfaces were 

exposed by scraping the sample. The scraper consisted of a stainless 

steel blade (cut to the angle of the sample stub) attached to a rotary 

feedthrough mounted on a standard 4" stainless steel bellows. To expose 

a clean surface the bellows were compressed and the blade scraped across 

the sample between the two securing screws. The scraper was mounted as 

shown in Figure IS and was supported by a gimbel when not being used. 

2.2.3 Sample Block and Commutator 

An exploded view of the sample mounting block is given in 

Figure 2.4. The holder was a hollowed out aluminum block whose face 

was machined to a 45° angle and had a 6/32 tapped hole for the transfer 

rod attachment. The rear of the block was machined aluminum which had 

been hard anodized for insulative purposes with a 4 pin array cemented 

in with Torr Seal epoxy (Varian, Palo Alto, Ca.). The recipe for 

anodization of the aluminum parts is given in the next section. 

Internally, two of the pins were connected to a two terminal IC 

temperature transducer (Analog Devices ADS90) with an operating range of 

-55°C to 150°C. The IC case fit snugly into an indentation machined 

into the rear of the block face so that only 1/16 of an inch of aluminum 

separated the sample from the temperature sensor. The two other pins 

were connected to ca. 6 inches of 0.2 rom coiled nichrome wire 

(resistance = 3.7 ohms). The wire was isolated internally from 

electrical contact with the aluminum block via short pieces of 1/8 inch 

diameter alumina tube (eV Parts, Kimball Physics, Wilton, NH). The 
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Figure 2.4 Exploded view of the sample block used for the lithium surface passivation 
studies. 
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block was heated by passage of a current of 0-3 amps through the 

nichrome wire. A plot of the AC voltage applied across the heating 

element vs. the sample block temperature is shown in Figure 2.5. The 

values represent steady state readings obtained after ten minutes from 

voltage onset. 

A diagram of the sample holder and commutator is given in 

Figure 2.6. The holder consisted of a machined piece of Macor ceramic 

(Corning) into which four female connectors were cemented. During a 

transfer the sample block was pushed onto the platform (P) so that the 

block fit snugly and the four pins fit into the female receptacles. 

The receptacles were connected through the rear to a commutator (C). 

The commutator was constructed of alternate pieces of aluminum which 

have been hard anodized to electrically insulate the surface layers. 

The body of the commutator was situated in the center of a four-way, UHV 

cross. Electrical connection to the external world is made via four 

wire brushes which had been bent to provide tension on the conducting 

rings of the commutator. 

The commutator was rotatable on bearings (Bl and B2) via a 

rotating feedthrough attached to the bottom at point F. The bearing 

assembly BA fit snugly into the standard 1.75" ID tube so that ver

tical movement of the assembly was prevented. The supporting rod (R) 

was adjustable relative to the bearing assembly so that the sample plat

form could be custom aligned to ease the transfer process. The com

mutator was likewise adjustable relative to the rod to keep it centered 

in the four way cross. 
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Figure 2.5 AC voltage vs. temperature plot for the heating of the sample block. 
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Figure 2.6 The comutator/sample block mount, showing its 
location in the UHV stainless steel cross. 
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Electrical connection from the commutator to the sample mount 

was achieved directly through the use of number 22 standard wire. The 

wires were isolated electrically from each other and from the assembly 

by the 1/16" 10 alumIna tube. The stranded wire was separately wire-

wrapped to the rear of the female connectors and to the wire which was 

mounted internally via a set screw to the conducting rings of the com-

mutator. 

2.2.4 Anodization of Aluminum Parts to Achieve Electrical Insulative 
Properties 

To insulate electrical parts of the internal mechanism of the 

transfer apparatus, the components are usually constructed of a machi-

nable ceramic. These ceramics are subject to flaking and cracking at 

high temperatures. In this work the UHV internal insulative parts con-

sisted of hard anodized pieces of aluminum. As opposed to the ceramic, 

aluminum is easy to machine and not subject to cracking and/or flaking. 

The film created by the anodizing process described below showed 

exceptional hardness and resistance to wear. They were tested for insu-

lative property at low voltage and currents (120 v, 15 A) for which no 

sparking or other breakdown behavior was noted. 

Apparatus 

Ice bath 
Constant current source 
Stirring bar and magnetic 

stirrer 
Platinum counterelectrode 

Chemical Solutions 

O.IN H2S04 
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Figure 2.7 Apparatus configuration for the hard anodization 
of aluminum parts. 
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It was desirable to run the anodization at as low a temperature 

as possible to avoid heating the film with resultant dissolution and 

pitting. The apparatus was set up as shown in Figure 2.7. The solution 

of H2S04 was immersed in the ice bath and the stirrer was turned on 

about 10 minutes prior to the anodization. A 0.5 gram sample of solid 

oxalic acid was then added and the aluminum piece was immersed in the 

solution. 

A constant current of at least 300-500 ~A (for small pieces) was 

imposed between the piece and the platinum counter electrode. After a 

short period of time a black film began to form on the immersed portion 

of aluminum and the voltage rose. When the voltage reached 60-70 V, the 

film was of sufficient thickness for most UHV work. 

The resultant black film was porous. It was necessary to close 

the pores to increase the insulative properties of the film and to 

ensure that outgassing in UHV was minimized. To achieve this, the piece 

was heated in distilled H20 at a controlled temperature of 94-98°C for 

ca. one half hour. The piece was then dried in an oven at 200°C and was 

subsequently ready for ultra-high vacuum applications. 

2.2.5 Sampling Mounting 

For sample mounting onto the transfer block, an entry flange 

into an inert atmospheric glovebox was constructed. The transfer system 

was separated from the main analysis chamber, the ion pump and the turbo 

pump by closing the appropriate valves (see Figure 2.2). Argon was 

introduced into the system via the gold seal valve and the transfer rod 

Rl was separated with gate valve G2 from the transfer system. 
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The rod and valve were mounted onto the glovebox via a four-way 

cross bolted onto the glovebox as shown in Figure 2.8. The dead volume 

of the four-way cross was alternately pumped and backfilled with argon. 

After a few minutes the 'quick connect' valve separating the glovebox 

from the four-way cross volume was opened and the sample block pushed on 

the rod into the box. 

The block was unscrewed from the valve and cleaned via scraping 

or with steel wool. Soft samples were mounted as plugs and secured by 

the retaining screws. Hard samples were cleaned and likewise mounted on 

the face of the block. 

The block and sample was then screwed back on to the transfer 

rod and withdrawn past the gate valve G2. The quick connect valve and 

the gate valve were then closed and the rod and valve separated from the 

four-way cross. The arm was subsequently remounted on the transfer 

system which was then roughed pumped via the turbo pump unit. Gate 

valve G2 was then opened and the system pumped (and baked) for at least 

10-12 hours. 

2.3 Sample Preparation 

2.3.1 Standard Sulfur-Oxide Samples 

Standard sulfur-oxides were obtained as follows: Sodium sulfate 

(Na2S04), sodium sulfite (Na2S03) and sodium thiosulphate (Na2S203) from 

Fisher Scientific (Fair Lawn, NJ) and sodium dithionite (Na2S204) from 

J. T. Baker Company (Phillipsburg, NJ). The samples were heated as 

powders at lOOoe for at least two hours and allowed to cool in a 
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dessicator. They were then pressed into pellets at 8 metric tons and 

mounted directly into the AES analysis chamber as described previously. 

No difficulty in pumping was noted indicating that most of the water was 

driven from the sample matrices by the heating. 

Commercial, Group 1 sulfides are extremely hydroscopic and no 

amount of heating and/or pumping was able to fully drive off the 

adsorbed water. Preliminary standard Auger spectra were obtained on 

nonhydroscopic transition metal sulfides obtained from Alfa and prepared 

as described above. Sodium sulfide was prepared in situ by electron 

beam reduction with a 30 ~A electron beam current for 1 hour. The 

mechanism of reduction is known to be (83). 

2.1 

The resultant AES lineshapes for the sulfide produced by this method 

agreed exactly with the transition metal sulfide shapes. As a result 

the in situ Na2S line shape was the one used in the spectral comparisons 

and identifications shown in Chapter 3 and 4. 

2.3.2 Lithium Samples 

Ultra pure (99.995%) lithium ribbon (Alfa, Danvers, Ma.) was 

scraped clean of any accrued oxide and mounted as a plug onto the 

transfer block as described previously. Loading in an inert atmosphere 

ensured that no atmospheric contamination of the lithium metal occurred 

during preparation. 

The analysis and reaction rate Li o metal samples were prepared 

by in situ UHV scraping. Figure 2.9a gives the N(E)·E Auger spectra of 
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a freshly scraped Li sample in a 1 x 10-9 torr vacuum. No contamination 

was evident at 200 or 500 eV indicating the absence of carbon (KLL) and 

oxygen (KLL) Auger transitions respectively. These two elements are the 

most abundant background contaminants in a typical vacuum system. 

Figure 2.9b shows the same sample after exposure to the vacuum for 15 

minutes. The background oxygen level was beginning to rise as the sur

face of the sample became passivated. The concentration of oxygen shown 

in the spectrum probably did not exceed .01 monolayers. For all studies 

on clean lithium, care was taken to use the sample within 1 minute of 

the scrape thereby ensuring negligibly small surface contamination. 

2.3.3 Reactive Gases 

Sulfur dioxide gas was obtained from Matheson and was used 

directly with no purification. It was admitted into the UHV reaction 

chamber via a variable leak valve coupled with a stainless steel gas 

train. The delivery system was roughed pumped using a cryogenic pump 

until a reading of ca. 10 millitorr was reached. S02 was subsequently 

admitted, the valve to the gas source shut and the train was pumped 

again. The system was cycled in this manner for a period of not less 

than 5 minutes before the leak valve into the UHV reaction chamber was 

opened. A list of the partial pressures ranges of contaminants 

typically noted after this cycling procedure is given in Table 2.2. 

2.4 Reaction Rate Experimental Parameters 

To study the reaction rates of lithium with various gases gate 

valve G3 (Figure 2.2) was closed and the value to the turbo pump, G6, 
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was partially closed. Gas was admitted to the vacuum chamber via the 

variable leak valve G8 so that a steady state pressure was achieved as 

measured by the RGA (2.2 Q). The necessary conduction for steady state 

was that the inlet rate r1 was equal to the outlet rate rO; where r1 and 

rO were measured in units of molecules per second. Once the steady 

state condition was reached, the sample was scraped by rotating the 

commutator assembly while at the same time pressing the metal scraping 

blade into the Li metal plug. This was best done in a smooth motion in 

the shortest time possible so as not to perturb the pressure readings. 

After the scrape the pressure was digitally recorded as a function of 

time and stored on a floppy disk. 

For higher temperature studies on AC current was passed through 

the block pins connected to the nichrome wire via the commutator. A 

period of ca. 5 minutes was usually enough time to insure that tem

perature equilibration had been achieved. 

It should be noted that after a scrape the sample block some

times became partially dislodged breaking the electrical heater connec

tion. This was remedied by using the scraper to push the block back up 

completely onto the commutator platform. 

2.5 Electrochemical Experiments 

The electrochemistry of the lithium anodes were examined using 

the cell diagrammed in Figure 2.10. Lithium metal electrodes were 

prepared by scraping a piece of Li in an argon atmosphere until it was 

free of any surface oxides. Glass tubing (2mm I.D.) was broken into 3 
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Table 2.2 Partial Pressures of Contaminants in UHV Chamber after 
Delivery System Preparation 

Contaminant 

N2 

°2 

H2O 

CO 

Hydrocarbons 

The production of hydrocarbons and CO 
block was heated due to recombination 
adsorbed 02 on the hot nichrome wire. 
tamination the filament was turned on 
initial pump down cycle. 

Partial Pressure 

1 x 10-10 torr 

No detectable amount 

1-5 x 10-10 torr 

5 x 10-10 torr* 

No detectable amount* 

increased when the sample 
of graphite carbon and 

To prevent extensive con
and heated slightly during the 
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inch lengths and the jagged edge was repeatedly pressed onto the cleaned 

portion of the Li ribbon. The rough edge functioned as a cutter and the 

lithium was depressed into the hollow part of the glass tube. A copper 

wire was inserted into the back end of the Li plug to provide electrical 

contact. The lithium electrode is diagrammed in Figure 2.10. 

Battery solutions were prepared by dissolving 0.05 moles of 

anhydrous LiBr (Alfa) in 1 liter of CH3CN (Burdick and Jackson, 

Muskegon, Mi.) that had been dried over P20S and stored with dried 

molecular sieves. 802 gas was bubbled through this solution for 1 half 

hour immediately prior to its use. 

A graphite rod was cut and used directly as the cathode in the 

cell. During the short times used to record the electrochemical data 

(less than 1 half hour) the cathode was observed not to contribute to 

any changes in the electrochemical behavior of the cell. 

All the discharges were performed with the cell in argon. The 

Li plug in the glass tube was pushed out with the copper wire and the 

protruding part was sliced away, producing a fresh Li surface at the 

exposed tip of the electrode. The electrodes were then immediately 

used, exposed to the solution, or exposed to contaminant levels of 

oxygen. The electrodes immediately exposed to the battery solution but 

not discharged were used to study storage behaviors. The oxygen 

passivated electrodes were used in studies of the effects of surface 

oxides on the battery electrochemistry. All the discharges were 

performed through a 10 K resistor and the data was recorded on a time 

based X~Y, or strip chart recorder. 



CHAPTER 3 

ELECTRONIC PROCESSES IN SOLIDS 

Auger Electron Spectroscopy has become an important technique in 

the study of solid surfaces. The growth of the method as an analytical 

tool has been fueled largely by the semiconductor and chemical synthesis 

(catalysis) industries to satisfy their need to understand discrete sur

face processes. To understand how AES has uniquely contributed to stu

dies of solid surfaces, and to place the changes that the techniques has 

undergone in perspective; it is pertinent to examine the process itself 

in terms of the physical parameters that define it. 

An Auger electron is emitted from a solid in the last step of 

sequential three level electronic transition of the type diagrammed in 

Figure 3.1 for sulfur. An excitation source is used to ionize a core 

level of an atom in the first step. This is followed by a relaxation 

transition from a higher electronic state with a simultaneous ejection 

of the Auger electron, leaving the atom in a doubly ionized final state. 

For purposes of consistency the Auger transitions discussed in this work 

are designated using the conventional X-ray notation. The general 

equation used in naming is of the type Xa,b Ya2b2 Za3b3 where X 

is atomic shell of the core electron initially ejected and Y and Z are 

the x-ray shell designations for the subsequent electrons participating 

S9 
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Figure 3.1 The Sulfur L23M1M23 Auger transition. 
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in the transition. The numbers a and b correspond to the L-S coupling 

of micro states that result from spin orbit splitting of the final 

states represented in each step (84-85). To apply this notation to 

Figure 3.1, the Auger transition is described as an L2,3M1M2,3 tran

sition corresponding to electrons participating from the 2p, 3p and 3p 

orbitals respectively. The Auger electron in this case is from the 3p 

(M2,3) orbital of the atom. 

The energy of the final Auger electron, given the process 

described in Figure 3.1, is computed ideally by (86-87): 

EAuger = BEL2,3 - BEM2,3 - BEM2,3 3.1 

where EAuger is in electron volts and BE is the binding energy for the 

three levels as determined experimentally from X-ray photoelectron 

spectroscopy. Usually the experimentally observed Auger energies are 

not in agreement with those that are calculated via equation 3.1. This 

is due to the fact that after the ejection of the core electron in the 

initial ionization step, the atomic levels shift in energy in response 

to the screening of the hole created in the core level (88,89). This 

shift is difficult to predict via a calculation because it involves the 

many-bodied problem of considering the local electron density and 

interaction with the newly created hole (89-92). It also depends on the 

local electronic environment of the atom as well as the orbital that the 

hole is created in. The models which have been discussed in relation to 

this problem are reviewed elsewhere (88,89,93) and are not explicitly 

considered in this work. 
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Two sources that are commonly used to ionize the core level are 

x-rays and electron beams. There are advantages and disadvantages to 

both excltation methods and these are summarized in Table 3.1. TIle com

pilation shows that electron-excited Auger spectra are particularly sen

sitive and useful for small spot analysis. This is frequently needed in 

studies of semiconductors for electron devices and finely divided cata

lyst particles. The enhanced sensitivity over x-ray excitation is due 

to larger core level ionization probabilities for an electron beam. The 

ionization probability as a function of the binding energy of the core 

level divided by the energy of the incident beam is plotted in 

Figure 3.2 for both x-ray and electron beam sources. The probabilities 

for x-ray ionization fall rapidly as the energy of the excitation 

source increases from the value of the core binding energy. For the 

electron beam the cross section rises rapidly to a maximum at ca. 2.5 

times the core level binding energy and then decreases at a slow rate 

for higher beam energies. Since a core ionization is prerequisite for 

an Auger transition, it is clear that the intensity of the signals from 

excitation via electrons are much greater. Also, the tunability of the 

electron source allows an appropriate choice of primary beam energy to 

be made such that the signal intensity (and therefore sensitivity) is at 

a maximum. 

This work deals exclusively with electron exited Auger electron 

spectroscopy (hereafter abbreviated as AES) of solid surfaces. When an 

electron beam of a particular energy, Eo, impinges on a solid sample, 
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Table 3.1 Comparison of Properties of AES Excitation 
by X-rays and Electrons 

Spatial 
Resolution 

Depth Resolution 
(inorganic materials) 

Sensitivity 

Beam Damage Properties 

Spectral 
Background 

Tunability 

X-ray 

Poor 
lcm2-l mm (100 ~) 

10 - 30 A 

Low 

Usually no problem 

Low 

Not possible 

Electrons 

Excellent 
.1 mm-100 A 

10 - 30 A 

High 

Depends on the time 
of exposure and the 

type of materials, 
can usually be made 

negligible 

High 

Usually 0 - 10 KeV 
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the number of electrons (N(E» which come back from the sample can be 

analyzed as a function of their kinetic energy and plotted. The form of 

the resultant 'N(E) vs. energy' plot is given in Figure 3.3 (84,87). 

Several features of the distribution can be identified as due to pro

cesses within the solid. The first feature is the large asymmetric peak 

at energy Eo (the energy of the incident electron beam). The presence 

of the peak indicates that a significant fraction of electrons within 

the primary beam are backscattered elastically from the sample. The 

asymmetry is due to primary electrons which have suffered some energy 

loss in collision with the solid and are therefore inelastically scat

tered. Studies have indicated that the intensity of the inelastically 

scattered primary electrons decays to near zero at an energy of Eo/2 

(84,87,94,95). 

Superimposed onto the inelastically scattered primary decay and 

at the low energy side of the primary peak are the plasmon loss peaks. 

When a hole is created within a solid, the electrons of the solid will 

move immediately to screen the resultant positive charge. Electrons 

which are passing through the solid are perturbed by the sudden shift 

of charge and can either lose energy (plasmon loss) or gain energy 

(plasmon gain) to these collective oscillations (84,88,89). Plasmon 

gain is a lower probability process (84) and is therefore not usually 

observed in the secondary electron distribution function. 

The last conspicuous feature directly observable in Figure 3.3 

is the large increase in the number of collected electrons at the lower 
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energy end of the distribution. This distribution is the secondary 

electron cascade and results from inelastic collisional processes bet

ween electrons deep within the bulk of the solid (81,95). An electron 

within the solid at a depth greater than its mean free path 

(84,87,95-97) in that matrix, can undergo collisions with other 

electrons. If momentum is conserved in each collision, a single 

electron deep within the solid will undergo multiple collisions such 

that large numbers of low energy electrons will be ejected from the 

solid. The secondary cascade grows exponentially with decreasing 

kinetic energy until the energy of the electrons is insufficient to 

overcome the work function of the solid and the intensity of the signal 

falls to zero (84,87,95). 

Figure 3.3 describes the energy distribution of electrons 

emitted from a sample which is flooded with electrons. Visually absent 

from the distribution in the figure are the Auger peaks central to this 

discussion. An enlargement of the region between the peak at Eo and the 

maximum of the secondary electron cascade however, would show the Auger 

peaks to be present as a series of low intensity signals superimposed on 

the large background. The overall contribution of the Auger process to 

the secondary electron distribution is almost insignificant, with a 

signal-to-background ratio on the average of 10-3 to 10-4 • This physi

cal result has played a central role in the history of the technique and 

is the key issue behind the methods discussed in this chapter. 

Because of the poor signal-to-background ratio, and poor instru

mental capabilities for detecting the electron signal at any reasonable 
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signal-to-noise ratio, the technique of electron excited Auger electron 

spectroscopy remained useless for any real applications for· a number of 

years. In 1968 however, Harris (98) demonstrated that if the deriva

tive of the secondary electron distribution recorded as a function of 

kinetic energy the resultant spectra show enhanced Auger derivative 

peaks superimposed on a large D.C. background. The reason for this 

is because the secondary cascade appears as a slow, locally linear 

background below a rapidly changing Auger signal. The derivative of the 

sum of the two processes is a constant representing the background, plus 

the superimposed derivative of the rapidly changing Auger signal inten

sity. This conclusion made the detection of the Auger signals practical 

and ushered the technique into the limelight as a method for routine 

qualitative analysis of surfaces. Modulation/demodulation techniques 

resulting in derivative signals is still, at this writing, the most 

common way of taking Auger spectra (80,84,99). 

The difficulty with Harris' method was that it decreased 

the significance of the Auger signal as representing an important 

electronic process. Most researchers ignored the fact that features in 

the signal-to-background enhanced spectra were derivative peaks and not 

true representations of the Auger electron distribution. Auger 

energies were recorded at the minimum of the derivative signal; the 

intensity of the peak was taken to be the peak-to-peak height of the 

derivative signal and the shape of the signal was taken to be directly 



69 

representative of the solid state electronic properties of the material 

(80,100). 

These conventions limit the full use of AES as a surface tech

nique. It is true that, in certain cases, the peak-to-peak height of 

the derivative Auger signal can represent concentr.ations of atoms in 

solid matrices (100,101), but only if careful comparison is made to 

prepared standards. This is limited by the difficulty in preparing 

materials with the same electronic, morphological and matrix 

characteristics. The quantitation process is complicated by the shape 

of the derivative signal. It was shown that the derivative signals were 

usually asymmetric with a large negative peak (80,101). It was also 

shown that the asymmetry of the function, as well as the entire shape of 

the signal, was a sensitive function of the sample geometry and matrix 

(103,104). Furthermore, the 'level' background was shown not to be 

level at all; irreproducib1y changing in value underneath the derivative 

Auger peak (105-106). 

Another contribution to the shape of the Auger signal comes from 

the type of analyzer used in determining the electron distribution. 

Correct electron energy distribution (N(E» spectra are not obtained 

directly for deflection analyzers (107-109), mirror analyzers (108-110), 

or preretardation analyzers (108,109,111,112). For the cylindrical 

mirror analyzer used in this study, the throughput is such that the 

intensity of the measured signal is equal to the true electron current, 

multiplied by their respective kinetic energies (113). The observed 
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secondary distribution for this analyzer (as shown in Figure 3.3) is 

recorded as N(E) multiplied by E versus kinetic energy. An 

experimentally observed electron distribution as recorded by the CMA is 

shown in Figure 3.4. The derivative peak usually recorded for CMA 

analyzed spectra is not the derivative of the true, N(E) electron 

distribution. 

Finally, it was shown that the derivatization method was itself 

changing the shape of the Auger peak. Most spectrometers employ the 

potential modulation scheme (80,86,114) where by a 15-20 MHz, 10-50 mV, 

sine wave is superimposed upon the linear sweep ramp controlling the 

pass energy of the analyzer. Synchronous phase-sensitive detection of 

the signal via a lock-in amplifier amplifies the A.C. components of the 

signal and 'filters' the D.C. components thereby giving the 'derivative' 

signal. The electrical derivatization achieved by this method can be 

represented by a Taylor series sum of odd harmonics which is dependent 

on the choice of the modulation voltage (80,86). As a result, the Auger 

'first' derivative obtained by this method always contains contributions 

from higher order derivatives, and depending on the ratio of the 

modulation voltage to the peak width can be in error from between 10-50% 

from the true first derivative (80). 

The use of the derivative Auger signal for other than simple 

qualitative analysis of surfaces is limited. The questions arise as to 

how the advantage of electron excited AES (Table 3.1) can be applied to 

quantitate and speciate the surface of solids. This, coupled with the 

consideration that the integral area of the true Auger peak must be 
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reflective of atomic concentrations in some way, indicates that the 

Auger transition process and background generation bear closer examina

tion. 

The further development of the method of Auger detection is 

further justified by a reconsideration of the basics of the processes 

which generate the Auger electrons (Figure 3.1). When a hole is created 

in an ionization of a core level it is assumed that it is immobile and 

associated with one atom throughout its lifetime (88,89). This is 

reasonable due to the fact that the electrons from higher states tend to 

stabilize and screen the hole once it is formed. The resultant Auger 

transition therefore, is atom specific and not dependent on the long 

range order of the solid (89). This means that the Auger signal shape 

is dependent largely on the localized chemical ~ of the atom 

undergoing the transition and not by the long range chemical forces in 

the surface region. This is especially true if the upper levels 

involved in the transition diagrammed in Figure 3.1 are the valence 

levels used in a chemical bond (88,89,103). These states are 

energetically different than those of the pure element because the 

energy levels are split to a degree that depends on the nature of the 

species forming the chemical bond. The energy distribution of electrons 

in the valence Auger transition from chemically bonded atoms show 

significant changes from that of the pure element (104,105,109). This 

'molecular' information is visually present but generally not easily 

interpretable in derivative spectra. Molecular speciation by AES is the 

focal point of the last half of this chapter. 
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The above analysis indicated that a return to the normal N(E) 

mode of signal detection would be beneficial in the interpretation of 

the information available from the technique. This was a step toward 

the problem of dealing with the low signal-to-background intensities in 

the secondary electron distribution. New digital data retrieving and 

handling techniques, coupled with increased theoretical knowledge of 

electron energy loss processes in solids helped to model the background 

process. This led to the suggestion that these processes could be 

eliminated or accounted for, thereby leaving the Auger signal as an 

independent source of information that was interpreted in light of the 

surface properties alone of a particular material. 

3.1 Experimentally Observed N(E) Lineshapes - Sequential Removal 
of Analyzer Throughput and the Secondary Electron Cascade 

The experimentally recorded N(E)·E vs. E spectra were always 

initially subjected to a series of reduction steps whose purpose was to 

a) remove the analyzer throughput contribution and b) the background 

contributions to the signal from the secondary electron cascade. The 

goal was to achieve a distribution whose shape was dependent on primary 

and secondary process initiated by Auger electrons alone. 

To correct for the analyzer throughput function, the discrete 

intensities were divided by their corresponding kinetic energies to 

yield the N(E) spectra. The effect of this division on a typical S(LMM) 

spectra is shown in Figure 3.5a and b. The large background in the 

throughput corrected function is due to the secondary cascade shown in 

Figure 3.3. 
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The next reduction for all the spectra was the modeling and the 

removal of the secondary electron cascade for the kinetic energy region 

bounded by the low and high energy thresholds of the peak. The model 

for this process was developed originally by Sickafus (95,116-118). He 

mathematically showed that the cascade in the energy region encompassing 

the peak is represented by separate contributions from electron loss 

processes due to surface and subsurface sources. He further concluded 

that the cascade caused by inelastic energy loss of electrons not 

associated in the internal Auger source represented an exponential 

function underneath the Auger peaks. This suggested that, in a log-log 

display of the data, the secondary electron cascade background 

contribution would be removed by a linear extension and subtraction of 

the cascade of the high energy side of the peak. This process is 

diagrammed in Figures 3.5c and d for the experimentally recorded sulfur 

LMM Auger signal shown in part a. Curve c is the throughput corrected 

data as represented on a log-log plot. The source of electrons 

contributing to the slope of the background are clearly identified 

according to Sickafus's original convention. Curve d is the resultant 

peak that was obtained after the linear region at the high energy side 

of the curve in 3.5c was extended (as shown in the figure) and 

subtracted from the data. The method of least squares was used in all 

the data to extend the background (82). The resultant curve in 3.5d 

represents the sum total of the Auger peaks and loss processes due to 

inelastically scattered (internally generated) Auger electrons, minus 
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the background contribution from the secondary cascade (from primary 

electrons, scattered within the solid and higher energy Auger 

transitions). 

Curves of the type in Figure 3.5d are the focal point of the 

rest of the work discussed within this chapter. Contained within these 

lineshapes is information on the precise molecular composition of the 

species undergoing the transition, the total amount of species present 

within the volume of the electron excitation beam and by virtue of 

equation 3.1, the precise orbital energies that are contributing to the 

Auger lineshape. This information is retrieved by deconvolving the pro-

cesses which are contributing to the background and broadening processes 

that are controlling the shape and distribution of the peaks in 

Figure 3.5d. 

3.2 The Convolution Integral: Sample and Instrumental Distortions of 
the Auger Spectral Loss 

The shape of the cascade corrected curves exemplified in 

Figure 3.5d is described exactly by the convolution integral 

(106,119,120): 

~ 

Y(E) = f N(E)h(E-E')dE' 3.2 
~ 

where Y(E) is the experimentally recorded signal after correction for 

the secondary cascade, N(E) is the true background-independent Auger 

signal and h(E-E') is an energy dependent instrument-specimen response 

function (IRF) which is convolved with the data and is modifying the 
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shape of the true signal, N(E), over the infinite energy range. The 

response function is critical in determining the shape of the signal 

exemplified in Figure 3.Sd. Its precise contribution as given in 

equation 3.2 can be illustrated by a general example of the convolution 

process as described by Figure 3.6. 

The Figure is a sequential diagram of the convolution process 

for two rectangular lineshapes on an arbitrary energy scale. The exact 

process described in equation 3.2 consists of a reversal in the data 

domain of one of the functions, and the shifting of the reversed func

tion across the other unmodified function. Each shift is accompanied by 

a multiplication of the two functions in the region of common energy 

with a subsequent integration defined by the product. The integrated 

value is plotted as the number representing the value of the convolution 

at the discrete shift of energy of the reversed function. Figure 3.6 

indicates that application of this process on the two rectangular 

functions yields a triangular function. 

The results of the simple model have three important consequen

ces toward interpreting Auger curves of the type shown in Figure 3.Sd. 

First, the resultant triangle diagrammed in the center of Figure 3.6 has 

a shape which is of an entirely different geometric class than the two 

parent rectangular shapes. This strongly suggests that a strict 

interpretation of the cascade-corrected Auger spectral line as 

exemplified in Figure 3.Sd, without deconvolution of the IRF, would be 

useless. Due to the likely complexity of h(E-E') in equation 3.2 the 
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stepped lineshape does not reflect the true density of electronic states 

within the solid. 

The observation is supported by the other properties of the 

convolution process. The area of the convolved triangular function, by 

virtue of equation 3.2, is the product of the two areas of the starting 

functions (121). If the area of the response function is not known 

precisely then quantitation of the Auger signals is not possible. 

Finally, the width of the base of the final function is equal to the sum 

of the baseline widths of the starting function transitions. When this 

is applied to the Auger data, it is clear that the cascade corrected 

data represented in Figure 3.5d is broadened with respect to the true 

N(E) distribution. This broadening results in significant masking of 

spectral shapes and therefore loss of information available from the 

interpretation of the lineshape (88,122). 

The focus of the work in this chapter is to use a suitable form 

of the IRF in a reverse operation of the type described in 

equation 3.2, to 'deconvolve' the broadening contributions in the 

cascade corrected Auger data exemplified in Figure 3.5d. The choice of 

the response operator is crucial in determining the shape and therefore 

the ultimate usefulness of the deconvolved Auger spectrum. In this 

work, an experimentally recorded electron backscattered spectrum was 

used as the physical model for the instrument-specimen response function 

This spectrum was obtained by tuning the energy of the electron beam to 

a value near the energy of the Auger transition. A typical 
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experimentally recorded backscattered spectrum for the sulfur region is 

given in Figure 3.7. The main features of this region function are 

discussed below. 

The choice of the backscattered spectra as the functions to 

represent the response operator h(E-E') in equation 3.2 was based on two 

observations. First, this function has successfully been used in a 

number of other deconvolution schemes with good results 

(103,120,122,123). A review of some of these processes is offered in 

the next section of this text. Second, the physical processes which are 

contributing to the general shape of the stepped Auger slope exemplified 

in Figure 3.5d have been identified (116-118) and it is possible to 

choose the measured IRF based on physical principles. The recorded 

backscattered spectrum closely approximates the electronic processes 

which govern the shape of the Auger spectrum (124). 

The shape of the cascade corrected lineshape shown in 

Figure 3.5d is due to two distinct factors: a sample controlled pro

cess, and an instrument contribution convolved with the signal during 

the measurement of the spectral signal (123). The sample processes are 

physically further divided into three subclasses: non-collisional, 

quantized interactions and inelastic-collisional. These differences 

arise because the sample itself is divided into two physical regions 

each of which contributes to the stepped Auger line shape (116-118). The 

boundary between these two regions in the sample is one inelastic mean 

free path, (IMFP) of an electron in the particular emitting matrix at 
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the Auger kinetic energy of interest (95-97). The mean free path of an 

electron in a solid is defined as the point within the bulk region where 

the intensity of the electron current has fallen to lie of its value at 

the surface of the sample. The regional contributions to the Auger 

lineshape are schematically represented in Figure 3.8. Electrons 

emitted nearer to the surface than the boundary have a low probability 

of undergoing collisions and suffer little energy loss. These electrons 

are those which, as shown in Figure 3.8, are contributing most to the 

true N(E) shape of the Auger signal. The electrons emitted at depths 

greater than one IMFP from the surface can undergo collisions with much 

higher probability with other electrons within the solid. The result is 

the emission of secondary electrons analogous to the low energy 

secondary cascade observed and discussed for the secondary electron 

distribution in the first section of this chapter. The result, shown in 

Figure 3.8, is a spectral background, stepped toward lower kinetic 

energies, that is the main feature of the cascade-corrected data as 

evidenced in Figure 3.5d. Finally, coupled with the inelastic loss 

feature is the finite probability that each electron, independent from 

where it is emitted, can interact with the oscillating electron clouds 

within the solid and suffer a plasmon loss (88,89). 

All electrons from the sample are emitted in an anisotropic 

distribution away from the surface toward the analyzer. The 

instrumental effect in the lineshape is purely one of broadening the 

signal (123,125). This results from the fact that the entrance slits 
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widths of the analyzer have a finite value determined during manufacture 

of the instrument. Ideally, only electrons at a solid angle of 42° from 

the analyzer axis should be analyzed. Because of the finite slit size 

however, a range of angles is accepted (113) thereby increasing the 

electron count at anyone particular recorded energy. The result is a 

broadening of the spectral signal, which depending on the inherent 

transition widths and relative separations, can mask information. 

Each electron leaving the solid and ultimately reaching the 

detector has a finite probability of loosing energy and being 'counted' 

at an energy different than its true emission kinetic energy. The 

response function h(E-E') reflects this probability as a function of 

energy for anyone electron emitted in the Auger process. The best 

measure of this probability would be to have an internal, monoenergetic 

beam of electrons emitting toward the analyzer and a record of the 

resultant electron distribution. An experiment of this type is 

impossible for obvious physical reasons. Instead, it is possible to use 

an approximately monoenergetic external source of electrons to 

generate the loss spectra. The result is the backscattering spectra 

recorded in the region of the Auger transition. 

Electrons from the outside source can undergo collisions and 

plasmon losses in the same manner as the initially generated Auger 

electrons. Furthermore, the entire signal will be broadened by the ana

lyzer, thus accounting for instrumental effects. Since all the ine

lastic and quantized electronic interactions as well as the instrumental 
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broadening effects are a function of the energy of the electrons, tun~ng 

the electron beam to the Auger energy accounts for dHferen,ces in shape 

of the loss structure. The useful range for one recorded r,esponse func

tion, in all the deconvolutions referred to in this work wa,s seen toibe 

ca. 80 eV with some variation dependent upon the local Aug~r peak struc

ture and width. In this work, ~ Auger spectrum was recqrded with litS 

own specific response function thus ensuring that sample aqd spectro-I 

meter effects were accounted for. 

The shape of the response function in Figure 3.7 wa,s generall~ 

the same for all the species examined in this work. The la,rgest peaki at 

the primary energy of the beam reflects the natural energy width of the 

beam (ca. 1 eV) broadened by the analyzer transmission funqtion. Thils 

broadening is evidenced in Figure 3.9 for two response funqtions 

recorded for 160 eV and 515 eV respectively and normalized to the same 

energy axis. If it is assumed that the energy width of th~ excitation 

source is constant; it is evident that analyzer broadening is a signifi

cant contribution to the width of the recorded signal. 

Each elastic peak tailed toward zero at the low en~rgy side with 

a concurrent rise in the secondary electron cascade. SupeJ1'imposed on 

the cascade would normally be the plasmon loss structure (&9,124). For 

the sulfur and oxygen region response functions there was 4sually little 

observable structure on the low energy side of the main pe~ks. 

For the response function to be a correct measure qf the inter

nal loss processes as a function of energy, the intensity ~elationship 
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between the low energy secondary tail and the elastic peak must be 

adjusted. This reflects the fact that for an internal source, all the 

electrons are subject to a loss probability. For an external source 

behavior, most of the electrons are elastically scattered and do not 

interact energetically with the solid. The intensity of the low energy 

tail is observed to be extremely important in all the deconvolution pro-

cedures that use the experimental response function as the measure of 

electron loss processes in the solid (123,125). In this work, it was 

observed that the low energy tail could be scaled at values greater than 

or less than one, multiplied by the intensity observed in the recorded 

data. This had no physical significance other than to correct for the 

approximations that are made in assuming that the response function 

represents a distribution resulting from an internally generated source. 

The criteria for scaling of the low energy tail and the effect of 

scaling on the Auger peak shape and area is given in a later section. 

3.3 Physical Approximations and Inverse Solutions to the Convolution 
Integral 

Given the experimentally recorded IRF it is possible to find the 

true function N(E) in equation 3.2. The utility of this N(E) function 

in describing specific transition intensities and widths is limited only 

by the assumptions made in using the experimentally recorded response 

function. In this work, the results of the deconvolutions are compared 

directly to independent molecular orbital calculations on the species 

being analyzed, wherever possible. In all cases, the use of the scaled 
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response function was justified after the comparison of the theoretical 

and experimental data. The conclusion reached from this successful com

parison is that the correctly scaled response spectrum appears to be an 

accurate approximation to the loss processes experienced by a delta 

function source of electrons emitted from within the solid at the Auger 

energy. 

There have been a number of background subtraction schemes deve

loped for use on Auger spectra that have based on a direct or indirect 

approach to solving equation 3.2. Two of the most prominent are the 

linear extension of the background (105,106,122) and dynamic background 

subtraction (126). Linearization and subtraction of the region 

contained by the low and high energy confines of the peak suffers from 

the drawback that it does not correct for plasmon loss structure, sample 

and analyzer broadening or the fact that the background is in reality, 

scaled at each point by the strength of the Auger transition at that 

energy summed with the loss intensities from all Auger transitions at 

greater energies. The areas of the peaks cOT~ected in this manner will 

show at best only 30% accuracy for any given sample. 

Dynamic Background Subtraction (DBS), uses multiple derivatives 

and then subsequent multiple integrations to the same order to effect 

background suppression. The results are justified in the loss of terms 

in the Taylor series expansion of the starting derivative data 

(80,114,126). 
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The method favors removal of the low frequency (loss background) com-

ponents of the signal and shows good background suppression. The 

problem with this technique is that it is difficult to relate the loss 

of the background features directly with the elimination of specific 

physical background processes. As a result, it cannot be determined 

with any certainty exactly what the DBS technique is removing and 

leaving in anyone particular subtraction. Both the linear subtraction 

scheme and DBS place physical limitations on fundamental interpretation 

of the data and to the authors knowledge the use of both have been 

limited. 

Indirect solutions and approximations to the inverse of 

equation 3.2 have recently become popular. They are briefly reviewed 

here but the reader is referred directly to the references for a full 

discussion of the particulars of each method. 

Sickafus proposed a mathematical approximation to equation 3.2 

whereby the intensity of the cascade corrected Auger signal at any 

energy lEI is the sum of the characteristic Auger strength plus the 

scaled integrated contribution of Auger intensities greater than E 

(127): 

Y(E) 3.3 

where Y(E) is the experimentally observed lineshape (including 

background and loss processes), NA(E) is the time characteristic Auger 

peak strength at energy E and EA is the high energy Auger threshold. 
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C is the experimentally determined constant of proportionality used to 

scale the background. The solution of equation 3.3 is independent of the 

use of the recorded instrument response function and therefore ignores 

contributions from plasmon losses. It also does not correct for effects 

from instrumental broadening. The resultant background curve generated 

by applying equation 3.3 has a sigmoid shape, stepped to lower kinetic 

energies. Effective scaling of the background and subtraction from the 

cascade corrected Auger data results in a baseline corrected Auger peak 

whose area has been shown to be representative of the concentration of 

the element detected with an accuracy of ±10% for mu1ticomponent metal 

systems (81). Previous work using this method in this laboratory (81) 

has shown however, that use of such techniques in many molecular, 

non-metal systems leads to erroneous quantitative results. This has 

been attributed to the fact that the technique does not accurately 

account for solid state interactions (e.g. plasmon losses) in those 

systems, thereby removing a background which is not reflective of the 

true loss structure and is therefore incomplete. 

A significant improvement to the Sickafus method is the Sequen

tial Inelastic Background Subtraction (SIBS) technique developed by 

Burrell (126). The method uses the experimentally recorded sample 

response function with the elastic peak stripped away. It therefore 

accounts for the plasmon losses that contribute to the background. The 

tecnhique shows that the experimental background function, if scaled by 

the true Auger intensity, can be iteratively shifted and summed at each 
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discrete energy point to generate a background which, when subtacted 

from the cascade corrected Auger data, yields a baseline peak set. 

Quantitative results have been shown to be accurate within 10% for a 

range of experimental systems (128). An advantage of the SIBS method is 

that by recording a series of response functions over a large energy 

range, background subtraction and energy loss correction is extended 

four to five times over the usual 80 eV interval. The disadvantage of 

the method is that it does not correct for instrumental broadening 

effects therefore limiting its use for identification of chemical state 

fine structure within the lineshape. Also, since the true Auger 

lineshape is not explicitly known at the start of the subtraction of the 

value of the multiplying signal intensity as well as the overall scaling 

parameter must be interactively determined. This leads to long computer 

calculation time for the determination of the background, thus prohi

biting the technique from being used for real-time data analysis. 

A technique widely used to solve for N(E) in equation 3.2 has 

been the Van Cittert deconvolution algorithm (129) developed by Houston 

and Madden (123) for use on Auger data. This approach consists of 

guessing on a suitable function form for N(E), convolving this function 

with the experimentally recorded response function, and comparing it 

with the experimental, cascade corrected Auger lineshape. If the two 

lineshapes are equivalent, then the assumed shape of N(E) is considered 

to be the deconvolved, 'true' Auger lineshape. If the two lineshapes 

are different the convolution result can be used to modify the starting 
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function via a scaled division or subtraction and the whole process is 

repeated. The usual initial guess consists of the cascade corrected 

Auger data itself, so that successive modification converges rapidly 

(less than 20 iterations) to the 'true' Auger lineshape. Like the SIBS 

method, the Van Cittert approach is iterative and therefore not real 

time in the sense that the computations are lengthy. Also, since the 

method 'feeds back' the convolved data to modify the guess at each 

iteration, the noise in the 'guess' function increases linearly with 

each pass (123). For data recorded at low signal-to-noise, the 

Van Cittert algorithm will not converge (130). Even for high 

signa1-to-noise spectra, the noise buildup over a large number of 

iterations is such that a digital subtraction via the Wertheim 

correction is needed before the separate peaks can be identified (119). 

The Van Cittert algorithm uses the full experimentally recorded response 

function and therefore theoretically corrects for the broadening due to 

the analyzer band pass, however it is experimentally observed that the 

method will not debroaden the signal to the extent that is expected 

(123). Each computation pass, besides feeding back the original noise 

to the data, is also feeding back a broadened function that is the 

result of the convolution of the previous best guess with the response 

function via equation 3.2. This new broadened spectra is used to modify 

the previous function, thereby not eliminating the broader components of 

the signal as the deconvolution process proceeds. The resultant 

spectra, after the process is complete will suffer some of the same 

limitations as the Sickafus and SIBS methods. 
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The final and best approach toward solving equation 3.2 for the 

characteristic, background subtracted/debroadened function N(E) involves 

the use of the Fast Fourier Transform of the functions. Deconvolution 

in the Fourier or frequency domain has been used extensively in signal 

processing for optical methods of analysis (131,132), chromatography 

(133,134) and various other types of time varying data (135-137). Its 

use for Auger data has been limited (122), probably due to the stepped 

like analytical form of the function, which is difficult to handle in 

Fourier Space (121). The basis for the use of the frequency domain 

spectra of the data and response function to solve equation 3.2 comes 

directly from the convolution theorem (121): 

Y(f) = J=N(E) h(E - E')dE' _ N(f)'h(f) 3.4 
= 

where Y(f), N(f) and h(f) are the frequency domain spectra of the 

experimental time-domain data, the true Auger lineshape and the response 

function respectively. Equation 3.4 is stating that the convolution of 

the true Auger signal with the combined sample-instrument response func-

tion in the kinetic energy domain is equivalent to the algebraic 

multiplication of the respective frequency spectra of the two functions. 

Conversely, the deconvolution of the response function from the 

experimetnally recorded data to give the resultant true lineshape is a 

simple division. The consequence of equation 3.4 is that the complexity 
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of the multiple summations over the data interval that has been inlpor

tant in the iterative schemes just discussed is eliminated. This leads 

to a significantly faster deconvolution of the broadening and loss func

tion for stepped spectra like that shown in Figure 3.Sd. 

3.4 Frequency Domain Deconvolution of Auger Signals 

In the following description of the mathematical and physical 

interpretation of the properties of the Fast Fourier transform the 

electronic processes and their functions in the energy domain are 

related to their frequency spectrum counterparts. For the mathematical 

proofs and the particulars of the Fast Fourier transform as applied to 

the problems discussed within this text, the reader is provided with an 

anotated bibliography in Appendix B. The author found these references 

most helpful in explaining the properties of the Fourier Transform. 

The use of the Fast Fourier Transform (138) to deconvolve the 

loss and broadening contributions from the cascade corrected Auger 

signal (Figure 3.Sd) requires that the data be viewed from a different 

perspective than is normally associated with electron spectroscopy. The 

typical method of displaying the data is usually as the intensity (or 

amplitude) of the signal as a function of the kinetic energy (time) of 

the electrons of the Auger signal. The shape of the signal is time 

independent so long as the pass energy of the analyzer is not varied at 

a rate (in eV/sec) greater than 2-3 recording time constants of the 

measuring instruments (139). Since the signal is of finite width it is 

possible to afix the data to an arbitrary time scale and the time based 



95 

'response' of the signal can be discussed relative to this artificial 

scale. Once this is accomplished the discussion can be shifted to con-

sidering the frequency components of the signal. Signals which are 

'wide' in energy will vary slowly over the arbitrary time scales and are 

considered to be low in frequency. Conversely signals which are narrow 

on the energy scale are termed high frequency. The relationship between 

the time based spectra and the frequency based spectra given the same 

arbitrary time scale was determined by Fourier to be (121): 

~ 

S(f) J S(t)e-j2nftdt 3.5 
~ 

where S(f) is the frequency spectrum of a time based signal, Set) is 

the time based signal, j = (-l)lk, f is the frequency and t is time. 

S(f) is denoted as the Fourier Transform of Set). 

The functional relationship between the time (or eV) based 

spectra and its frequency counterpart is illustrated for an ideal 

gaussian shape in Figure 3.10. Both the time and frequency spectra, for 

all the work presented within this text, are plotted in the functional 

forms accepted by the FFT algorithm (121). For time spectra, positive 

times are plotted from zero to the highest value which is midway on the 

scale in 3.10. Negative times are plotted to the right of this point 

(increasing toward zero) as illustrated in the figure. For the fre-

quency spectra two plots ar.e needed which correspond to the amplitudes 

of the real and imaginary components of the numbers generated by 

equation 3.5. 
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Analogous to the time based spectra, the midpoints of the plots 

correspond to the maximum frequency. This number is dependent upon the 

digital sampling frequency of the time based function known as the 

Nyquist frequency (121) whose value, is given directly by the rela

tionship (121): 

l/2~T = fN 3.6 

where fN is the Nyquist frequency determined by the separation of any 

two points in Figure 3.l0b and ~T is the sampling interval of the time 

based function. The maximum frequency (or midpoint) is the total number 

of points in the transform multiplied by the Nyquist frequency divided 

by two (121). Negative frequencies are plotted to the right of the 

maximum frequency in an equivalent manner as the negative times in the 

time based spectra. 

The total number of points in an FFT for a convolution process 

is determined by the relationship: P+Q-1, where P is the number of data 

points and Q is the number of points in the response function (121). 

Generally, the FFT algorithm works fastest for data sets in the powers 

of two (136,121). It becomes necessary, therefore, to zero fill the 

time based spectra to the nearest, highest power of two calculated 

above. This is diagrammed in Figure 3.10. The FFT algorithm returns 

the same number of points (in a power of two) after the transformation 

is completed. 

Apart from the mathematical relationship described in 

equation 3.5 it is possible to propose a physical relationship that 
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directly relates the amplitude vs. frequency curves with the time based 

spectra. The two functions are entirely equivalent mathematical ways of 

viewing the same physical relationship. Each point on the amplitude

frequency curve represents a sinusoid of a particular amplitude which, 

when summed with all the other frequencies at their particular amplitu

des will yield the time based data directly. The FFT is therefore a 

representation of the frequency composition of the time based signal. 

The implications of the relationship between the time based and 

frequency based signals to Auger spectra exemplified by Figure 3.5d is 

clear. The background secondary loss function contributing to the step

like character of the data is a low frequency component of the signal. 

The Auger transitions of interest are mid-frequency relative to the time 

scale and the noise is the highest set of frequency components in the 

curves in Figure 3.10. By correctly modifying the relative amplitudes 

of the frequencies of the Auger data it is likely that a baseline 

corrected, debroadened Auger peak will be obtained. The modification 

proceeds as a division via equation 3.4 with the frequency distribution 

of the data being divided by the frequency distribution of the experi

mentally recorded response function. As a result of this, the decon

volution of the loss function from the cascade corrected peak has been 

advanced from time consuming, iterative integral process to a quick, 

one-step division. 
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3.5 The FFT Algorithm for Frequency Deconvolution of AES Data 

3.5.1 Time Domain Modifications for Debroadening and Quantitative 
Analysis 

Successful FFT domain deconvolution of the loss processes and 

broadening functions from the cascade corrected Auger peak via the con-

volution equation (3.4) required reorganization of the data in the time 

domain. Several steps were necessary for complete background removal 

and debroadening: (a) the scaling of the elastic peak of the instrument 

'specimen' response function for correct quantitation, (b) the tru-

ncation of the instrument-specimen response function so that the length 

of the inelastic tail was equal to the width of the Auger peak, (c) the 

correct scaling of the inelastic portion of the instrument specimen 

response function for full background correction and correct quan-

titation, (d) the shifting of the data and response function to zero 

time and (e) the extension of the data in the time domain to avoid 

leakage effects (121) from division by a truncated function in the fre-

quency domain. All the time (and frequency) modifications are performed 

by the Fortran program FOR3. A fully documented version of the decon-

volution program is provided in Appendix C. The solutions to the 

problems discussed above are labeled and identified below. 

3.5.1.1 Specimen-Instrument Response Function Elastic Peak Correction. 

To perform the correct scaling of the portions of the response function 

it was necessary to separate the elastic from the inelastic portions of 

the function. The mechanism emmployed to achieve this is diagrammed in 
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Figure 3.lla-d. The elastic peak was separated from the inelastic low 

energy tail at a point which was equal to the distance from the elastic 

peak maximum to a value of 1% less than the maximum value at the high 

energy side as shown in Figure 3.lla. The stepped elastic peak was then 

fitted to a Sickafus background (127) based on the assumption that the 

tail was due to secondary loss structure under the peak. This is 

diagrammed in Figure 3.llb. This background was subtracted from the 

elastic peak and added back to the inelastic tail leaving the peak and 

tail as separated functions as shown in Figure 3.llc. For area scaling, 

the area of the elastic peak was determined and the recombined sum of 

the inelastic portions was divided by this value. For subsequent 

scaling of the inelastic portion, the separated inelastic part of the 

spectra was mUltiplied by the scale value determined as discussed below 

and the inelastic portions were recombined to give the new response 

function. 

The peak area of the deconvolved spectrum depended on the choice 

of the magnitude of the elastic peak of the response function (which was 

determining the amount of debroadening) and the magnitude of the 

inelastic background (which was controlling the background suppression). 

As shown previously, the resultant deconvolved peak area was a number 

which was the quotient of the area of the experimental data divided by 

the area of the response function. When the spectra were digitally 

divided by the kinetic energy to correct for the analyzer throughput, 

any analyzer contributions to the integrated intensity of the signal 

were eliminated. 
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The Auger spectra must be debroadened by the elastic peak without 

changing in intensity (or area). TIlis was accomplished by using an 

elastic peak of unit~. The next modification on the response func

tion was therefore the normalization of the whole function by the divi

sion of the area of the elastic peak portion of the IRF. 

3.5.1.2 Length of the Inelastic Portion of the Response Function. The 

length of the low energy, inelastic tail of the instrument specimen 

response function was seen to be important in determining the degree of 

background subtraction and the accuracty of the quantitative results. 

The inelastic tail was truncated so that its length (in energy) did not 

exceed the full width of the Auger signal. This width was defined as 

the region bonded by the low energy threshold (chosen arbitrarily by 

observation and digital truncation of the Auger signal) and the point at 

which the cascade corrected data had decayed to 1% its maximum value on 

the high energy side. 

The response function needed to be truncated because the ine

lastic portion of the IRF could not contain more energy loss information 

than was originally defined by the energy (time) width of the data func

tion. Division by an inelastic area that was too large or small gave an 

erroneous quantitative result coupled with an incorrect amount of 

plasmon structure removed from the peak. 

3.5.1.3 Scaling of the Inelastic Low Energy Tail of the Response Func

tion. The normalized response function was then subject to the scaling 
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of the inelastic tail relative to the intensity of the elastic peak. 

The criteria for correct scaling, was always such that after the decon-

volution process, the low and high energy wings that bound the Auger 

lineshape were equivalent in value thus defining a baseline for the peak 

set. To this author's knowledge there is no direct way to apriori pre-

diet what the correct scaling of the inelastic tail of a particular 

data-response function combination will be. Therefore, while the decon-

volution in process was ongoing, the choice of the inelastic scaling 

parameter was somewhat arbitrary. Arbitrarily converging on the correct 

scaling value however, did not affect the final deconvolution result. 

There was only ~ scale value for each particular data-response func-

tion combination that gave a baseline-corrected peak. The uniqueness of 

this value ensured exact reproducibility with respect to inelastic and 

quantized loss correction for all the spectra determined. 

Though it was not possible to extrapolate or predict the correct 

scaling factor for the inelastic portion of the response function to 

result in full baseline correction of the Auger data, it was possible to 

establish guidelines which facilitate the choice of a correct guess. 

The indicator used in the FFT algorithm developed in this work examined 

the relative difference between the first and last points which 

comprised the wings bounding the peak. The relative difference (~) was 

defined as the absolute difference between the average of 5 points on 

either side of the peak, divided by the peak maximum: 

Is N I 
\L data (N) - L data (N)\/data (Max) 
~=l N=N-S J 
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As the value of the scaling parameter approached the unique value needed 

for full baseline subtraction, ~ converged to zero. 

Two values of ~ were always calculated first in relation to 

their inelastic scaling values. For zero scaling (no background 

subtraction) the relative difference was equal to the value calculated 

for the background corrected data before the deconvolution process. The 

other value was obtained from considering the experimental response 

function to be correctly scaled initially. One pass through the decon

volution process established the value for the unit scaled tail for this 

case. This process is diagrammed schematically in Figure 3.12. 

The 'correct' scaling value was then calculated by assuming a 

linear relationship existed between the scaling value and ~: Zero 

scaling equaled zero percent reduction toward baseline. Unit scaling on 

the same percentage scale was determined experimentally. A plot 

of the % reduction versus the scaling parameter for oxygen (triangles) 

and sulfur spectra is given in Figure 3.11. Percentage reduction values 

greater than 100 indicate that the scaling value was too large, so that 

the low energy tail dipped below the high energy tail. The lines repre

sent the linearization of the relative difference values for zero and 

unit scaling. The crosses are where the calculated scale value for 100% 

reduction would be and the dark triangle and circle represent the 

empirically determined experimental scale value that gave full baseline 

correction for the oxygen and sulfur peaks respectively. 
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Figure 3.12 Demonstration of the relative peak height 
determination of the inelastic scaling 
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The plots are a measure of both the unpredictability of the 

scaling value and the inaccuracy of determining the scaling value using 

the relative difference between the low and high energy wings of the 

spectra. The relationship between the scaling factor and the amount of 

baseline reduction is not linear. This is probably due to the fact that 

the area of the inelastic portion ia represented by a discrete summation 

of an exponential function. Multiplying each point by a discrete value 

does not generate an area value linearly proportioned to the scaler 

multiplier. Also, though the general shapes of the curves are the same, 

the slopes,are different. Each data-response function combination was 

observed to behave uniquely in this manner. 

Though an accurate value of the inelastic scaling parameter was 

not obtained using the relative difference baseline criteria, the method 

did indicate the trend in the change of the scaling value that was 

needed to achieve a level baseline in the data. For example, the oxygen 

response function, with unit scaling of the inelastic loss tail, over

corrected the data and resulted in a deconvolved peak with a suppressed 

low kinetic energy wing. Figure 3.13 shows that linearization of the 

data predicted that a lower scale value of .84 was necessary to level 

the baseline of the peak. The empirical value was determined to be .57 

however, indicating that a ca. 47% error was incurred in the calcula

tion. Knowing the general shapes of the curves in Figure 3.13, the 

calculated value served as a guide torward indicating the direction that 

was needed in changing the scaler value. In setting this upper (or 
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lower) limit the method enabled the correct choice for the scaling para

meter to be made within 2-3 passes through the program. As a result, 

the overall speed advantage of the FFT over the standard iterative sche

mes was not reduced. 

3.5.1.4 The Time Shifting of the Data. Before the time to frequency 

transformations, the data and the response function were digitally 

reversed in time and shifted to zero time to align as illustrated in 

Figure 3.14. The reversals of the functions had no physical signifi

cance related to the FFT and were performed because it was easier to use 

the data in this form. The resultant deconvolution product was always 

reversed at the end of the process so that the correct energy rela

tionship of the function was reestablished. The time shifting to zero 

was a necessary step to avoid the "end effect" after division in the 

frequency domain. The "end effect" results from a time scale shift of 

the deconvolved spectra equal to the sum of the shifts from zero time of 

the starting functions (136,121). The resultant product of the process 

is off-centered in the time window represented by the period of each 

function, with the loss of spectral information (121). A schematic 

demonstration of the "end effect" for an ideal convolution process is 

given in Figure 3.15. When both functions (data and IRF) start at zero 

time however, the sum of the shifts is zero thus eliminating "end 

effect" problems. 
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3.5.1.5 Data Extension to Avoid Leakage Effects. The final modifica-

tion to the time domain data came from a consideration of the behavior of 

the FFT for the discontinuous and truncated N(E) functions (121). These 

functions were subject to leakage due to truncation of a periodic func-

tion at an interval that was not a multiple of the period (119,121,136). 

Leakage introduced side lobes to the information surrounding the discon-

tinuity thus either masking or contributing to the structure of the data 

in the time domain. For the stepped Auger spectra, leakage was observed 

to mask most of the structure at the low energy side of the main peak. 

This is illustrated in Figure 3.16a. To eliminate this phenomena, the 

functions were extended in the time domain (123) using the value of the 

last data point to the N/2 point of the time based data. This is 

illustrated in Figure 3.16b. The extension did not eliminate the 

leakage but instead shifted it in the time scale away from the spectra 

information. The mathematical basis which allowed the extension of the 

data function is that the Fourier transform of the sum of two functions 

is equal to the sum of the Fourier transform of the separate functions 

(121). The FFT is distributive, and therefore after the deconvolution 

process, the extended portion of the result was discarded without loss 

of information. The effect of the extension on leakage in the final 

spectrum is demonstrated in Figure 3.16c. 

3.5.2 Frequency Based Modifications and Assumptions in FFT Decon
volution 

The time based data and IRF spectra were in a functional form 

that was needed for the transforms and deconvolution to proceed. The 
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resultant transforms for both the Auger data and the IRF are given in 

Figure 3.17. The frequency data are plotted using the real part of the 

transform only but it should be noted that the ensuing discussion 

applies to the imaginary components of the frequencies as well. Several 

important features in the IRF frequency-domain function were evident. 

There was a large spike immediately to the right of the zero frequency 

point which corresponded to the background from the inelastic loss pro

cess. This was attenuated quickly and then rose again. The rise was 

due to the elastic portion of the response function. The frequency 

form of the IRF function then tailed off toward zero at a rate slower 

than the decrease in the frequency components in the data transform. A 

division of the data frequency domain spectrum by the IRF frequency 

spectrum yielded a frequency distribution which had suppressed low fre

quency components and enhanced high frequency components. This 

corresponded directly to the suppression of the inelastic, stepped 

background and the debroadening of the peak in the time domain. 

It was observed that a strict division of the data transform by 

the response function transform was not possible for two reasons. First 

it was likely that the response function transform contains a point 

which was zero valued (119,123,131). Division by zero is mathematically 

undefined and as a result, the computer program terminated at this 

point. Second, the frequency components of the IRF decayed to small 

enough values such that after the division, discrete spikes resulted in 

the resultant transform. By definition, these frequency spikes 
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trauslated to sinusoidal waves in the time domain which were added to 

the deconvolved time domain spectra. This usually rendered the spectra 

useless for any qualitative peak identification analysis. To avoid 

these problems the frequency domain data and IRF functions were usually 

truncated (121,131,132,136,140,141). The effect of the value of the 

truncation point in the frequency domain on the lineshape of a S(LMM) 

lineshape (time domain) for dithionite is diagrammed in Figure 3.18. 

The truncation point should be chosen so that it is in a region 

where the frequency information relating to the data has decayed to zero 

and the point representing frequencies greater than or equal to the 

truncation value are only due to noise. In practice this was impossible 

because the data information never decayed completely to zero and also 

because it was desirable to retain and enhance some high frequency 

information to increase the debroadening of the time based signal. 

This is evidenced in Figure 3.19 where the standard deviation of the 

noise in the frequency domain data is plotted as a function of the 

number of points toward lower frequencies included in the calculation. 

Curves of this type have been used by Bush for the determination of 

frequency truncation points in circular dichroism data (135). It's 

application was based on the assumption that the magnitude of the fre

quency components of the noise has a standard deviation different from 

that of the magnitude of the frequency components of the signal. The 

value of the standard deviation was calculated at the higher frequencies 

and then recalculated successively adding a point toward the lower 
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frequency components each time. When there was a significant change 

(ca. 5%) in the calculated value a transition from the frequency distri

bution of noise to the frequency distribution of data was assumed. For 

the curve in 3.19, however, it was evident that no discrete change in 

the baseline exists indicating that there is a region where significant 

mixing of signal and noise had occurred. 

A number of methods in choosing an effective truncation point 

were examined in the course of this study. The standard deviation 

method discussed above proved to be difficult to use due to the inabi

lity to obtain. a general cutoff criteria that would determine the 

correct change in the standard deviation of the frequency components. 

Furthermore, the calculations involved in determining the value were 

slow; particularly for transforms that have greater than 1024 points. 

As a result, the overall efficiency advantage of the FFT over the tradi

tional iterative schemes was reduced. 

Also examined was the equivalent width criteria proposed by 

Isenhour (142) for the smoothing of chromatographic data. The method 

assumed that the highest frequency peak in the time based data could be 

used to calculate a cutoff point which represented a dividing line bet

ween the frequencies associated with the data and those associated with 

the noise. It used the calculation of the height normalized area of the 

highest frequency peak in the time domain (i.e. the 'thinnest peak') to 

calculate a cutoff frequency noting that the time and frequency scales 

are inversely related (121). In the Auger spectra the elastic 
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backscattered peak was used as the model peak for the calculation. For 

data smoothing, it was observed that this method worked well but for the 

decollvolution process where debroadening was desired, it proved to be 

too conservative an estimate of the truncation point. The reason for 

this was believed to be because the elastic peak itself is the con

volution of the finite width of the electron beam (in energy) and the 

analyzer slit function. Enlarging the value of the equivalent width in 

the time domain by multiplying by the value of the contributing area of 

the electron beam, decreased the frequency cutoff calculated by this 

method. The equivalent width criteria would become a viable approach 

toward calculating the truncation point if the energy width of the 

electron beam were accurately known as a function of energy and beam 

current. 

The method finally decided upon and used throughout the decon

volutions within this text was a simple examination of the frequency 

distribution of the response function. The truncation point was defined 

as the point value in the frequency distribution of the response func

tion where the amplitude of the fourier components had decayed to less 

than 1% of their maximum value. Dividing by zero, or by a small number, 

introduced most of the artifacts in the final spectra, and therefore the 

simplest way to avoid this and yet get the maximum debroadening from the 

method was to search for the smallest real points in the frequency 

domain of the IRF. Throughout the work it was observed that this method 

chose the accurate truncation point to within 2% of the maximum 
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allowable value before zero divide or sinusoidal spikes in the time 

domain spectra were observed. 

Coupled with the choice of the truncation point was the 

necessity of choosing a suitable apodization function (121,132,136,141). 

A summation of the types of functions used in the truncation of 

frequency data is given in Figure 3.20. Using a truncation function, 

frequency components of a signal up to and including the truncation 

point are retained or enhanced, while any higher frequency points are 

multiplied by zero and eliminated from contributing to the time based 

signal (121). Earliest attempts at debroadening used the boxcar 

function. Because of the appearance of 'side lobes' in the resultant 

time based signal due to the leakage effect (121), this was abandoned in 

favor of functions which displayed a lesser degree of discontinuous 

behavior in the frequency spectrum. The extended cosine bell (121,136) 

function was applied up to the truncation point in all the work in this 

text. A plot of function is given in Figure 3.21. The values of the 

frequencies up to 90% of the chosen truncation point are retained. 

Thereafter, instead of a sharp drop which gives the undesirable side 

lobes, the function falls off with a cosine function to reach zero at 

the truncation point. It should be realized that the criteria for zero 

contribution to the frequency spectrum by the apodization function, has 

not been stringently met due to the multiplication of the last 10% of 

the signal by values less than one. The cosine bell does not contribute 

significant leakage to the resultant time based data however, and has 
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been shown to be an acceptabl:e compromise function for truncation 

applications (121). 

Once the truncation point I was calculated the frequency domain 

representation of the data w~s digitally divided by the frequency domain 

representation of the experirr,entaa.ly recorded response function. The 

result was apodized and zero-"filled using the extended cosine bell. The 

frequency data was then refle,tctedl about the center point for the real 

components and negatively re~lected about the same point for the imagi-

nary components (132,133). 1;he resultant spectra was then retransformed 

into the time domain and resc;.aled~ in energy units (electron volts). The 

entire process from the divi~ion :of the frequency representations of the 

two spectra is diagrammed in Figulre 3.22. The resultant kinetic energy 

distribution is the backgrou~d deconvolved and debroadened counterpart 

of the stepped Auger transit;ton represented by the curve in Figure 3.5d. 

3.6 Results and Critical Analysis of the FFT Deconvolution of the 
Sulfur ~..MM Standard Lineshapes 

3.6.1 Comparison with Other Methods 

The resultant spectr~l shapes using the FFT deconvolution 

algorithm described in the l~st s,ection for a series Auger spectra of 

sulfur-oxide standards are s'lown ;in Figure 3.23. The results of the 

deconvolution were examined for consistency with other commonly employed 

methods to remove the backgr~)Und losses, stability toward any changes in 

the operating inelastic scal~ng alnd truncation point parameters, and com-
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of the deconvolution process. 
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patibility in the predictions on the true N(E) line shape derived from 

independent molecular orbital calculations on the respective molecules. 

A discussion of the last evaluation is presented separately in the next 

section. The first two comparisons are made below. 

Figure 3.24 shows the deconvolved lineshapes obtained from the 

Van Cittert, SIBS and FFT methods. It is clear that the relative shapes 

of all the spectra are equivalent with the FFT deconvolved lineshapes 

showing superior resolution and significantly better signal-to-noise 

ratio. Spectral features hidden in the other methods are apparent in 

the FFT lineshapes. Also, the peak areas and intensities of all the 

methods agreed to within a few percent, leading to the conclusion that 

the FFT deconvolved spectra were an enhanced but quantitatively 

equivalent representation of the spectra resulting from the other 

methods. 

3.6.2 Stability Toward Empirically Variable Parameters in the FFT 
Algorithm 

The two most important variable parameters used in the FFT 

deconvolution scheme were a) the scaling of the inelastic portion to 

achieve full baseline correction in the final time based data and b) the 

choice of the truncation point to avoid division by zero in the fre-

quency domain or sinusoidal variations in the time based spectra due to 

spikes created in the frequency spectra created by division by a small 

number. The two most important differences in the deconvolved spectra 

that resulted from a change in either parameter were a change in the 
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lineshape or a change in the area of the peak. The deconvolved results 

were examined for stability toward changes in these values. 

The scaling value for the inelastic tail in the response func

tion was observed to change both the shape and the area of the resultant 

peak. Figure 3.2Sa-c gives the results for a S(LMM) lineshape for the 

S204 anion where the inelastic portion of the response function was 

mUltiplied by 0, 1.34 and 1.8 respectively. The value of 1.34 was 

empirically determined to be the best scaler multiplier for full base

line correction. It is evident that the scaling quantity was critical 

in determining the shape of the resulting spectrum. It was also 

found to be important in determining the area. Figure 3.26a gives the 

plot of the percent change in peak area from the 'true' area at 

scale = 1.34 on the ordinate, versus the percentage change in the scale 

value relative to 1.34. The data points occupy two quadrants. Points 

lying in the upper left represent lower multiplicative scale values than 

1.34 and higher experimental peak areas. The value at 100% change is 

the point at which the inelastic tail of the response function is 

multiplied by zero and is equivalent to the integral of the stepped 

function of the Auger signal before any background correction. Points 

lying to the lower right represent higher scale values than 1.34 and 

correoponding less area due to the division of an enhanced inelastic 

area in the deconvolution scheme. 

The plot demonstrates that the area of the peak was stable 

toward changes of at least 10% from the true scale value. This was 
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observed to be true for all the spectra examined. Part B in Figure 3.26 

shows an equivalent plot for a O(KLL) peak for which a wider range of 

stability was noted. The conclusion that was reached was that though 

the scaler value multiplied by the inelastic portion of the response 

function was important in determining the shape and area over long 

ranges, small changes in these values over at least a 10% range did not 

effect the qualitative or quantitative interpretation of the spectra. 

An important relationship exists between the curves that charac

terize the relative scaling value shown in Figure 3.13 and the test 

plots in Figure 3.26. The stability of the area as a function of the 

scaling of the inelastic tail for oxygen and sulfur was such that the 

scaling parameter, calculated by using the relative difference criteria, 

yielded a peak whose area was within less than ±5% of the true area 

determined for exact baseline correction. A perfectly level baseline 

was not needed for quantitative analysis and the area of the peak could 

always be obtained quickly by using the relative difference criteria 

within less than ±5% error. 

The effect of the truncation point on the shape of the spectra 

was reviewed and illustrated in the previous section. For all the 

spectra, a 10-20% change in the value of the trucation point did not 

affect the quantitative area of the peak. This is shown in Figure 3.27 

where the percentage change in area versus the change in the truncation 

point of the value suggested by the decay of the frequency 

distribution of the response function is plotted for a series of 
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different spectral shapes. The reason for this stability was due to two 

factors. First, the addition of small amplitude signals to the Auger 

shape would not be expected to change the area to any significant 

degree. Second, the addition of out of phase signals increases the 

chance that the frequencies would add destructively thus eliminating 

errors in the peak area. 

The tailing of the plots in Figure 3.27 at the higher truncation 

points was due to the presence of the spikes within the frequency 

spectra. These spikes resulted from a division by a small value in the 

frequency distribution of the response function. These large amplitude 

signals were able to significantly change the value of the area. They 

were prevented by a simple visual examination of the data. The sinu

soidal oscillations in the deconvolved time based spectra were periodic 

and were clearly identified by examining the relative spacing in the 

structure of the peak. To eliminate any components of this type a lower 

truncation point was used. 

The results of the critical examination of the FFT method 

indicated that the technique gave results that were qualitatively and 

quantitatively equivalent to the other more widely used techniques for 

removing the background and loss structure. The FFT deconvolution gave 

the added advantage of de broadening out the instrumental effects while 

at the same time, lowering the visible noise content of the signal. The 

most frequent argument against the use of the FFT deconvolution 

algorithm as applied in this context is that, due to the qualitative 
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choice of a truncation point and an apodization function, the solution 

represented by the final spectrum is not unique (106, 123,140). This 

clearly can no longer be proposed as a limitation to the use of the 

Fourier Transition deconvolution method for electron spectroscopy. It 

is evident that there is more spectra information available in the 

resultant spectra from the FFT algorithm than is apparent in the more 

common deconvolution processes. This added data content, coupled with 

the speed that is offered by the Fast Fourier Transform, makes 

deconvolution of the loss and broadening features from AES data by this 

technique a highly desirable approach. 

3.6.3 Beam Damage Contributions to the Auger Lineshape 

The possibility of electron beam reduction for the sulfur-oxides 

whose lineshapes are shown in Figure 3.23 has been observed and 

documented (143-J.45). The mechanism which is given (145) for this 

process is summarized for the Li salts: 

Li2SxOy + Li • Li2S + Li20 + 02t 3.8 

The major product is sulfide leading to the suggestion that considerable 

contribution from this lineshape was present within the lineshapes for 

the sulfur-oxides shown in Figure 3.23. Before any direct comparison of 

the line shapes with independent SCF calculations were attempted, a 

knowledge of the total contributions of the beam damage to each sample 

was essential. 

A pressed pellet of Na2S04 was exposed continually to an 

electron beam of 0.10 pA (10-3 Amps per cm2). This beam current repre-
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sented the maximum used for any analysis within this work. After cer-

tain time intervals of exposure Auger S(LMM) line shapes were recorded 

and deconvolved via the FFT method. The focus of this experiment was to 

examine the chemical state change of sulfur as the reduction proceeds 

via equation 3.8. The results of the lineshapes analysis at different 

exposure times are given in the left side of Figure 3.28. 

The amount of sulfide produced at each recorded time was 

obtained from the S(LMM) spectra by digitally subtracting from each 

lineshape the initial S04 lineshape recorded at zero time. The results 

of the subtractions are given on the right hand side of Figure 3.28. 

The areas of these peaks represent the amount of sulfur reduced by the 

electron beam. It follows that the integrated area of these peaks 

divided by the area of the initial peak (assuming no sulfur loss during 

the reduction) represents the fraction of sulfur salt reduced at each 

time. 

The large amount of structure that appears on the low energy 

side of the resultant peaks illustrate the limitations of the subtrac

tion method. The results reflect the difficulty in accurately matching 

the maxima of the broad Auger transitions and also the changes in the 

widths of both the sulfide and sulfate peaks due to the variations in 

solid state broadening that is the result of the changing chemical 

environment from the beam reduction. It is also likely that inter

mediate oxides (S03, S204, S203) exist in various amounts during the 

reduction, with full conversion via equation occurring only at 
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very long times (83,145). Furthermore, the deconvolved spectra were 

obtained from low signal-to-noise data with a low frequency cutoff in 

the Fourier frequency domain. It is likely that the spectra have 

significant differences due to the structures that resulted from the low 

frequency components of the original noise that were present after the 

smoothing. 

Despite these drawbacks, the relative areas can be used to 

establish criteria for the maximum allowable beam exposure for further 

AES experiments. A plot of percent reduction vs. time for the series of 

spectra in Figure 3.28 is given in Figure 3.29 (solid circles). Also 

plotted in the same figure (circles) is the natural logarithm of the 

total molecules reduced assuming that the diameter of the electron beam 

was 0.1 mm2 and the mean escape depth of the electrons at ca. 135 eV for 

this inorganic salt (Penn(146)) is ' 11 A. From the volume defined by 

the depth of the signal response and the radius of the electron beam; 

and using the density of Na2S04 to be 2.68 g/cm3 it can be shown that 

the total number of surface atoms within the electron beam contributing 

to the signal at any time equals ca. 8.0 x 1010 atoms. 

The typical time of exposure to the 0.1 ~A beam was between 1 

and 4 minutes for all the spectra reported in this work. Approximately 

1.0 x 108 to 8.0 x 108 molecules are calculated to be reduced in this 

interval. From this result and the plots shown in Figure 3.29 it was 

concluded that contributions from S2- line shape to the sulfur-oxide 
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lineshapes shown in Figure 3.29 amounted to less than 1-4% for all cases 

considered. 

This result was reinforced when the data was examined using a 

.01 ~A beam. Damage was expected to be at least a factor of lOx less 

for this current. No noticeable changes reflective of sample reduction 

in the deconvolved spectra were noticed between spectra taken at .01 ~A 

and 0.1 ~A beam currents. Throughout this entire work the use of the 

lower current as a diagnostic test for beam damage was used extensively. 

In no case was the 0.1 ~A beam current shown to be damaging the sample 

to any significant degree. 

3.7 Sulfur LMM Auger Spectra - Peak Identification 
and Electron Structure 

The shape of the Auger line has been shown to be dependent on 

the electron structure of the emitter atom (88-92,103). The electron 

levels contributing to the Auger signal are seriously perturbed by 

chemical bonding, especially if these levels are associated with the 

valence orbitals of the atom (103-105,115). This perturbation results 

from the change in electron density around the atoms when the bond is 

formed, plus field splitting of the states of all atoms within the 

resultant molecule. The degree to which these factors contribute to the 

1ineshape is dependent on both the specific atoms that are combining to 

form the molecule and also the three dimensional geometry of the final 

species. Each bond is electronically characterized by a density of 

states (DOS) (88,89,93,103,104,115) which is reflected in the valence 

band Auger spectra. 
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The fundamental Auger lines that are retrieved from the experi-

mental data via the deconvolution process do not describe the DOS as 

described above. Instead, the Auger lineshape is a function consisting 

of the self-convolution of the true DOS over the entire valence band 

width (93,115). From the process described in Figure 3.1, two energeti

cally equivalent Auger electrons can come from different orbitals. The 

last two binding energies in equation 3.1 can be switched thereby 

changing the orbital which is the source of the Auger electron but not 

changing the energy of the electron itself. This self-folding process, 

which determines the shape of the valence spectrum, is currently the 

subject of intense research in Auger lineshape analysis (ALA) (88,93). 

There are two basic approaches to examining the relationship 

between the distribution of states as calculated independently by some 

SCF method and the Auger lineshape. The first involves the use of a 

mathematical self-convolution of the calculated DOS. This has been 

extensively used in gas-phase studies of hydrocarbons (103,146-148) and 

halogenated carbon and silicon analogues (149). The self-convolution 

process gives a lineshape which is compared directly to the experimental 

deconvolution data. This approach is limited because it does not 

accurately account for the selection rules involving the electronic 

coupling of orbitals of different types. These rules, to the author's 

knowledge, are not precisely known. The lineshapes which are obtained 

by the self-convolution method often do not compare favorably with the 

experimental data (88). 
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Irhe second approach, which has been used for a variety of 

systems (88,89,93) involves the direct calculation of each transition 

and ener~y via equation 3.1. This method was used in the forthcoming 

discussions and is I schematically diagrammed in Figure 3.30. A core 

level en~rgy valuelfor the appropriate spectrum is chosen and the value 

of the f~nal state I energy of ,each calculated transition is plotted on 

the same energy scale as the experimental data. This is repeated for 

all the level contl:ibutions from the theoretically calculated MO 

diagram. The final line spectrum is then shifted relative to the 

experimental peak antil a best fit is obtained. This is justified on 

the grounds that there ar.e indeterminate shifts in the absolute Auger 

peak locfltion on the energy scale due to inaccuracies in focussing 

(113), charging of:the sample (105), internal relaxation effects (93) 

and solid state effects (125). The relative locations of the 

transitions in thelexperimental peak is unaffected by these artifacts so 

that the most accurate identification of the transitions in the data is 

a comparison with the relative location of the theoretically calculated 

values. 

The intensJlties of the transitions, because of reasons discussed 

above, a.re not directly obtained from theoretic&l calculations. It is 

possible, however, Ito distinguish between classes of transitions based 

on the strength oflcorrelation of the final states with the initial core , --I 

hole. This method I has been suggested and used in a number of other 

studies (89,151,l5:~). The intensity of the transition is dependent on the 

locatio~ of the core hole relative to the relaxation levels that define 
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the Auger transition. For an initial core excit;;ation on ~ particular 

atom of a molecule, the strongest transitions w~.ll ar,ise from relaxation 

from levels and electron density localized on tl)e ~~ ~ (89). 

Since there are two levels participatin& in the transition after 

the initial core level ionization there are thr€!e pos,sible pathways for 

relaxation with respect to the source of the el€!ctron's. These are 

diagrammed in Figure 3.3la-c. The above exampl€!, where all the electron 

transitions (including the detected Auger electllon) come from the same 

atom, is denoted as a main transition. When on€! of the upper level par

ticipating electrons comes from a nearest neighQor atom a single ~ 

transition is observed as diagrammed in Figure ~.3lb.i Finally, where 

both upper holes are from a different atom than the one which was ini

tially ionized, a double ~ transition result;;s (3.3lc). The absolute 

intensities of the transitions depend on the stllengthl of the correlation 

between the holes on adjacent centers of the mol,.ecule' (90-91) - a para

meter which is almost always unknown. Generally however, the main tran-

sition will have the highest intensities, followed next by the single 

cross transition, with the double cross transiti,.ons showing the least 

probability (89). The calculated Auger transiti,.ons shown in the 

following analysis of the Auger line shapes are glotted using this rela

tive scaling. 

The other important contribution to the inten's1ty is determined 

by the occupation density of the states at any qne particular energy 

level. Transitions between states which are mOlle highly occupied are 
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stronger due to the fact that the probability of the transitions are 

higher. The calculated values of the transitions shown in the analysis 

of the experimental Auger lineshapes are not corrected for this effect. 

Reference is made to possible important intensity variations in the 

text whenever necessary. 

In a covalent bond. as diagrammed in Figure 3.31, there are 

three sets of states that exist. The first two are described by states 

whose electron density is predominantly located on either of the two 

nuclear centers defining the bond. The last class is comprised of 

states characterized by shared electron density. An Auger event can be 

initiated by creating a core hole on either one of the atoms. The shape 

of the Auger line is dependent on the localized atomic density and as a 

result, the two Auger spectra that are recorded for the atoms comprising 

a heterogeneous bond reflect a directional view of the electron density 

distribution along the bonding axis (88,89). The spectra in this work 

deal with sulfur-oxygen bonds exclusively. Oxygen (KLL) spectra are 

plotted in conjunction with S(LMM) spectra on the same relative energy 

scale. These are aligned using the hypothesis that transitions from the 

valence levels that are double ~ (and of low intensity) for one of 

the atomic ionization, are main transitions for the spectra recorded 

after core ionization of the other ~ comprising the bond (89). 

The energy differences in the peaks observed for the sulfur

oxides in Figure 3.23 are dependent on the amount of crystal field 

splitting of the central sulfur atoms states by the axial oxygen atoms. 
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The three dimensional structure and symmetry of the sulfur-oxides whose 
2-

8(LMM) Auger spectra are shown in Figure 3.32. The point groups for 804, 
2- 2-

803 and 8203, were taken from Mannes's (153) work and the symmetry of 
2-

the 8204 anion was originally determined by Dunitz (154) using x-ray 

crystallography. It is evident that although the point groups are 

diff-erent, there is a significant degree of similarity in the three 

dimensional environment of the central sulfur atoms. This is the reason 

why all the lineshapes except that shown for 8203 in Figure 3.23 have 

similar features. The 8203 lineshape is different because it is 

dominated by the transitions resultant from the strong 8-8 bonding 

present in the molecule (155). This is contrasted to dithionite whose 

8-8 bond has been characterized as long and weak (156), and as a result 

its lineshape does not reflect the strong 8-8 interaction. 

The similarity of the spectra is also due to the fact that the 

primary orbitals involved in the bonding are the three sulfur 3p orbi-

tals (155). The total electron density lies mainly in those three orbi-

tals. The number of distinct states arising from directional splitting 

in a crystal field is reduced because the orbital are angularly dif-

fuse. This is contrasted to the d-orbital, where crystal field 

splitting in slightly different three dimensional environments has been 

observed to give significantly larger differences in the valence Auger 

lineshape for the central atom (82). 

A previous analysis of the S(LMM) line shape for 804, 803 and 

8203 has been discussed by Miura (151,158) using the derivative 
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lineshapes for these anions. His analysis suffers from the disadvan-

tages already discussed in using the derivative of the Auger signal. An 

analysis of the main identifiable features in his derivative spectra 

however, shows his results to be in reasonable agreement with the 

results given here. In all cases the elimination of the instrumental 

and sample contributions to the Auger signal uncovered new spectra 

features which were not evident in his work. 

2-
3.7.1 S04 Sulfate 

2-
The sulfur LMM spectrum for the S04 anion in a Na2S04 salt 

matrix is given in Figure 3.33. The independent molecular orbital model 
2-

for S04 was developed by Manne (153) for a sulfur 3s, 3p and oxygen 2s 

and 2p basis set. An energy level diagram using his results is given in 

Figure 3.34. The ground state of the molecule is given by 

1a12 1t26, 2a102 2t206 1en4 3t2n6 2t1n6 

with all the bonding orbitals filled and with no antibonding electrons. 

It is evident that the molecular orbitals are grouped into three 

main categories. The lower set (a1 and t2) are predominantly oxygen 28 

in character with a small contribution from both the sulfur 38 and 3p. 

The middle group (a1,0 and t20) are the main bonding orbitals that are 

formed from the interaction of the sulfur 3p and 3s with the oxygen 2p 

orbitals. These orbitals determine the bond order of the molecule which 

has been calculated to be 2 (153,155) indicating that double bonding 

between the axial oxygen atoms and the central sulfur atom is probably 

occurring. This has been supported by studies on the bond length for 
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2-
which a value of 1.49 A has been obtained experimentally for S04 as 

compared to the s-o single bond length of 1.69 A (155). 

The last group of filled orbitals are the non-bonding oxygen 2p 

orbitals. Manne's analysis does not include the sulfur 3d orbitals in 

the basis set. As a result, even though double bonding is denoted by 

the bond order, his analysis indicates no overlap of the sulfur 3d and 

oxygen 2p line pairs which is probably too simplistic a model. The 

effect of including the 3d orbitals would be to stabilize and lower the 

energy of the oxygen non-bonding set. 

The orbital diagram was used to fit the experimentally obtained 

sulfur Auger spectra. A list of the transition assignments and calcu-

lated energies for the peaks shown in Figure 3.33 is given in Table 3.2. 

The transitions are plotted in Figure 3.33 underneath the Auger peaks. 

The largest lines represent the main transitions between electronic 

levels of the sulfur atom. The intermediate sized lines are single 

cross transtions where at least one level of the those involved is from 

an oxygen atom. The smaller lines are transitions where both upper 

levels are from an oxygen atom. 

The gross shape of the spectrum is representative of the tran-

sition types that are contributing to the lineshapes of the other 

sulfur-oxide species. The peak at 128 eV is due to cross transitions 

between the low energy oxygen 2s orbitals and the main S3p, 02p bonding 

orbitals. This is followed by the main transition between bonding orbi-

tals at 142 eVe Finally, for all the sulfur-oxides (though not 
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2-
Table 3.2 Sulfur Auger Transitions for S04 

Calculated 
Transition Energy eV Type 

L23 lal,lal 108 Double Cross 

lal,lt2 113.4 Double Cross 

lal, 2al 123.55 Single Cross 

lal, 2t20' 136.17 Single Cross 

lal,ten 133.61 Double Cross 

lal, 3t2n 125.96 Double Cross 

lal,2tln 135.16 Double Cross 

lt2,lt2 118.72 Double Cross 

lt2,2al 128.91 Single Cross 

lt2, 2t 2 130.53 Single Cross 

lt2,len 138.97 Double Cross 

lt2, 3t2 139.71 Double Cross 

lt2, 2t l n 140.52 Double Cross 

2al,2al 139.1 Main 

2al,2t2 140.92 Main 

2al,len 149.16 Single Cross 

2al,3tn 149.9 Single Cross 

2a1,2tn 150.71 Single Cross 

2t2,2t2 142.34 Main M2,3 M2,3 

2t2,len 150.78 Single Cross 

2t2,3t2n 151.52 Single Cross 
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2-
Table 3.2 Sulfur Auger Transitions for S04 (Cont.) 

Calculated 
Transition Energy eV Type 

2t2,2t1 152.34 Single Cross 

1en , len 159.22 Double Cross 

1en , 3t2n 159.96 Double Cross 

1en , 2t1n 160.77 Double Cross 

3t2n,3t2n 160.7 Double Cross 

3tn,2tn 161.51 Double Cross 

2t1n,2ttn 162.32 Double Cross 
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2-
resolvable in S203) there is a high energy shoulder due to cross tran-

sitions between the bonding orbitals and the oxygen non-bonding line 

pairs. The agreement between the calculated energy of these 'high 

energy' transitions using the MO results derived by Manne and the expo-

nentially determined energy, was the poorest of all the transition sets 

for S04 as well as the other sulfur-oxides examined. This was also true 

of the double cross transitions involving the ° 2p non-bonding line 

pairs. This is direct evidence for the participation of the S 3d orbi-

tals in the bonding of the molecule which is suggested by the geometric 

shapes of the molecules shown in Figure 3.32. 

2-
In the S04 line shape the peaks at 114.5 eV and 118 eV are double 

cross transitions involving the triply degenerate 1t2 orbitals which 

contain a total of six electrons in the ground state. The peak at 

128 eV is the result of the sum of a series of cross transitions calcu-

lated at 123.5, 128.9 and 130.53 eV. Of these, the most intense is pro-

bably the L23, 1t2 2t2 transition due to the large occupancy of the 

triply degenerate levels. This accounts for the assymetry of the 

experimentally observed peak which reaches a maximum toward the high 

energy side. 

The main transition at 142 eV is seen to be the sum of those 

transitions calculated to be at 140.72, 139.1 and 142.34 eV. The L23 

2t2,2t2 transition at 142.34 would, because of the density of occupa-

tion of these levels, be the most intense. Analogous to the peak at 
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128 eV therefore, a slight degree of asymmetry is evident toward the 

higher energies. 

The single cross transition structure at l47eV and the double 

cross transitions peak at 163.3 eV were the only other visible struc-

ture within the lineshape. The broad shape of the line at those higher 

energies is probably due to the extra splitting of the 0 2p non-bonding 

orbitals resulting from overlaps with the empty S 3d orbitals. 

The assignment of the structure in the lineshape for the O(KLL) 
2-

spectra for S04 follows from the above discussion. It should be noted 

initially however that all the O(KLL) spectra were wider than their 

sulfur counterparts by about 10 eVe The reason for this is probably due 

to the fact that the oxygen atoms lie in axial positions in these mole-

cules and the ejected electrons are subject to more solid state effects 

than the relatively protected central sulfur atom. This effect includes 

locally different chemical environments due to spatial orientations in 

the amorphous crystal (89). This induces extra splitting in the 

spectrum of the oxygen molecules and accounts for the broadening effect 

observed experimentally. The spectra are plotted on a common scale in 

Figure 3.35. The smallest transitions plotted in Figure 3.33 have been 

intensified in the plots because they are main transitions relative to 

the oxygen core level excitation. The energy scale is relative to the 

main oxygen peak. The values of the true energy spacings of the oxygen 

peaks are identified above the oxygen spectrum. 
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The double cross transitions at 447 eV and 453 eV (oxygen scale) 

for sulfur have become oxygen main transitions. The relative intensity 

is low however, compared to the main transitions at 495 eV so they 

appear as shoulders on the low energy side of the peak. This is due to 

the lower concentration of electrons available for transitions in these 

orbitals relative to the non-bonding oxygen 2p set. The main peak at 

460 eV is from the same group and it is broadened by the cross tran-

sitions between the lal,lt2 0 2s set and the 2alo,2t20 bonding molecu-

lar orbitals. The peak at 473 eV is due directly to the intra-atomic 

transitions between the low lying 1a1,1t2 orbitals and a nonbonding oxy-

gen 2p orbital. At 481.3 eV there is a peak which comes from the cross 

interaction between the a bonding orbitals and the non-bonding orbitals 

of oxygen. Finally there is the broad peak that results from the intra-

atomic main transitions in the high lying, non-bonding oxygen 2p orbital 

set. 

2-
3.7.2 S03 - Sulfite 

The molecular orbital energy diagram derived by Manne (153) for 

2-
the sulfite anion is given in Figure 3.36. Analogous to the S04 anion, 

the basis set for the calculation included only the 0 2s, 0 2p and the 

S 3s, S 3p orbitals. The s-o bond length has been measured to be 1.39 A 

(153,155) which, like S04, is strongly indicative of back bonding of the 

oxygen 2p lone pairs with the empty sulfur 3d orbitals. Finally, the 

ground state electronic configuration of the anion is given by: 
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The orbital energies and electron density are very similar to 
2-

that shown by the S04 anion in Figure 3.34. 
2-

The S(LMM) lineshape for 
2-

the S03 anion is given in Figure 3.37. A full list of the S03 sulfur 

LMM Auger transitions and. calculated energies is given in Table 3.3 and 

these are plotted underneath the curve using the same conventions as 

described previously for the sulfate anion. 
2- 2-

There is a decrease in symmetry in going from S04 to S03 so 

there is an increase in splitting which was evident in the extra peaks 
2-

found in the sulfur LMM spectrum for S03. The transition at 113 eV and 

119 eV are from the splitting of the lowest lying oxygen 2s orbitals. 

Two peaks of medium intensity follow at 129 eV and 135.5 eV with the 

latter being partially resolved. These are identified as being Auger 

transitions between the a1,e oxygen 2s set and the 1a1a, 2ea and 2a1~ 

set. The electron density is evenly divided in the transitions over the 

energy range of the peaks. As a result the peaks are of equal intensity 

and also symmetric. 

Analogous to the other sulfur-oxides, the most intense peak at 

143 eV is the result of the main transitions between the a and ~ orbi-

tals of the molecule. The peak maximum appears symmetric although 

slightly broader on the high energy side which is probably due to the 

high lying L23,2a1~,2a1~ main transition at 150.4 eVe It should be noted 

that this transition would be weaker than the other main transitions due 

to the fact that the level would be doubly ionized in the final state 

and has an inherent low probability (88,89). 
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2-
Table 3.3 Auger Transitions and Energies for the S03 Anion 

Type 
(double cross 

Transition eV not designated) 

a1,a1 114 

a1,a1e 118.6 

a1,a1a 126.8 single cross 

a1,2ea 129.4 single cross 

a1, 2a1lT 132.2 single cross 

a1, 3en 138.9 

a1,4en 140 

al>a2n 140.73 

a1, 3a1lT * 145.1 

e,e 123.1 

e, la1a 131.4 single cross 

e,2ea 133.7 single cross 

e, 2a1lT 136.8 single cross 

e,3en 143.5 

e,4en 144.51 

e,a2n 145.3 

e,3alT* 149.6 

1a1,la1a 139.6 main 

1a1,2ea 142.2 main 

la1a,2allT 145 main 

1al,3en 151.7 single cross 
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Table 3.3 (Continued) 

Type 
(double cross) 

Transition eV not designated 

1al,4en 152.7 single cross 

1aba2n 153.5 single cross 

lal,3al1T* 157.8 single cross 

2eO',2er 141.8 main 

2eO', 2a l lT 147.6 main 

2eO',3en 154.3 single cross 

2eO',4en 156.3 single cross 

2eO', 2a l n 156.1 single cross 

2eO', 3al lT * 160.5 single cross 

2allT,2allT 150.44 main 

2allT,3en 157.1 single cross 

2al,4en 158.2 single cross 

2allT,a2n 158.9 single cross 

2allT,3allT* 163.27 single cross 

3en,3en 163.8 

3en,4en 164.8 

3en,a2n 165.6 

3en, allT* 169.9 

4en,4en 165.8 

4en,a2n 166.7 

4en, 3a l lT * 170.99 



Table 3.3 (Continued) 

Transition eV 

167.5 

171.8 

176.1 

163 

Type 
(double cross 
not designated) 
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The peaks at 149.8 eV and 160.4 eV ar~ the result of a string 

of single cross transitions. It shotild be no~ed that there is signifi-

cant difference in the intensities of these p~aks due tOldifferent 

levels of occupation of the orbitals. The pe~k at 149.81eV is due pri-

marily to cross transitions between the cr bonqing orbitals and the oxy-

gen non-bonding molecular levels. The peak ati. 160.4, eV I (which is lower 

in intensity) is due to cross transitions between the apr molecular 

orbital, and the non-bonding and apr2 antibonqing sets. !Back bonding of 

the oxygen 2p lone pairs with the dx2 , dy2 anq dxy orbitals on the sulfur 

atom is likely in this anion (155). This woul,d stabilize the non-

bonding electron orbitals as well as the a1~/~1~* set through n-cloud 

delocalization. The absence of the d orbital~ from the I basis set in 

the theoretical calculation could account for the extent:Lon of the 

theoretical transitions beyond the bounds of ~he experimental peak. 
2-

The oxygen KLL spectrum for S03 is al~.gned with the sulfur 

spectrum on the same scale in Figure 3.38. Tt~ere is less splitting 

observed in the experimental data which is prqbably due to the fact that 

the transitions involving orbitals with a strqmg oxygen character are 

spread evenly over the full energy range of tl~e spectra. I This is evi-

dent in the series of transitions that compri~e the peakl at 470 eV in 

Figure 3.24. This peak is broadened by the s~ries that extends toward 

higher energies underneath the main peak. Th~re is tail!ng evident in 

the experimental data between 470 eV and 490 ~V due to this energy 

spread. Finally, it should be noted that the lowest peak at 453 eV is 
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due to a transition set between the al and e orbitals which are predomi-

nately oxygen 2s in character. The peak at 460.5 eV is, from 

Figure 3.36, due to cross transitions between the bonding cr and n mole-

cular orbitals and the low lying oxygen 2s molecular orbitals. 

2-
3.7.3 S204 Dithionite 

As of this writing no direct self-consistent-field calculation 

for the dithionite ion has been attempted. Several analyses of the 
2-

valence structure have been based on the assumption that the S204 mole-

cule consists of the sum of the features of two S02- ions (154,156,159). 

This approach is too difficult to relate quantitatively to the 

identification of Auger spectral features because of the different 

orbital splitting that follows from the symmetry change in going from 
2-

the free S02- molecule to the S204 dimer. 

The sulfur-sulfur bond has been shown to be ca. 3.4 A which is 

greater than the single disulfide value of 2.08 A (155). This bond is 

weak which is the main reason why the molecule is a good reducing agent 

(155). The weakness and extended length of the bond have been attri-

buted to two processes. Dunitz (154) has postulated that the central 

sulfur bond contains considerable d-orbital character through d-p hybri-

dization of the sulfur atoms. Pi-bonding using d orbitals from the same 

quantum shell on the same atom has been shown to be weak (155). As a 

result, the dp hybridized bond will be weaker than a pure pcr-pcr 

disulfide bond. Alternatively, Koshits et a1. (159) has pointed 



167 

out that in forming the dithionite anion from two S02- fragments the 

extra electrons must be placed in the anti bonding orbitals of the S02 

'molecule'. These antibonding electrons will weaken the S-S interaction 

and therefore lengthen the bond. Both Dunitz's and Koshits' interpreta-

tions are reasonable in light of the experimental evidence and it is 

likely that both effects are important in determining the bond 

character. 

Though no direct valence picture of the dithionite anion has 

been calculated, a qualitative picture of the molecular orbitals can be 

developed using the Auger valence band spectra for the molecule. The 

S(LMM) and O(KLL) spectra for the dithionite anion are shown in 

Figure 3.39. Qualitatively, the sulfur spectrum is most similar to the 

S(LMM) spectrum shown for sulfate and sulfite in Figure 3.23. There 

2-
is a decrease in structure from the S04 1ineshape on the low energy side 

coupled with a significant difference in the broadening observed in the 

lower kinetic energy regions with the dithionite lineshape showing 

sharper features. The dithionite peak maximum shows a higher degree of 
2-

symmetry than S04 indicating that the states composing the peak are 

distributed evenly with respect to energy and electron density within 

the region. The main peak is also seen to be slightly broader in 

dithionite indicating that the energy spread in the states is relatively 

large. Finally, there is a significantly larger high energy shoulder 
2-

evident in the S204 1ineshape. This is coupled with a broadened high 

energy tail with little or no structure evident in the peak. 
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The oxygen KLL peak from dithionite is less broad and more 

featureless than its sulfur counterpart. There are two low energy 

peaks which lead directly into an asymmetric, broad peak at 469 eVe The 

slope and magnitude of this feature indicates that there is probably a 

large number of transitions associated with its shape. The broad 

appearance of the peak is extended toward higher energies into the main 

oxygen 2p transitions. There are no clear transitions observed within 

this range suggesting that the spread of energy states localized on oxy-

gen within this energy region is large, analogous to the situation 

observed for the sulfite oxygen spectra. 

The total number of states which are giving the experimental 

sulfur dithionite lineshape is determined using a simple bookkeeping 

approach. The results are summarized in Table 3.4. There are four 

2-° 2s orbitals which, analogous to the S04 anion, probably do not contri-

bute significantly to bonding the molecule. It should be noted that 

this is also true of the S02 molecule as observed in SCF calculations 

(159,160). These orbitals will be the lowest in energy. They are also 

partially split in the sulfur crystal field as observed previously for 
2- 2-

the oxygen s orbitals in S04 and S03. The oxygens are bonded to the 

sulfur atoms via a single a bond from one of the p orbitals on each 

atom. As a result there are 2 orbitals on each oxygen which do not 

participate in bonding. These orbitals will be highest in energy in the 

same manner as described for the previous oxyanions. 



Type 

Table 3.4 States and Orbitals Available for Bonding 
in the Dithionite Anion 

Sulfur Oxygen 

Number Type 

sp3 hybrid 8 total 0 2s 

(2 atoms) o 2p 

Total number of states 24 

170 

Number 

4 total 

12 total 
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There are a number of equivalent ways to describe the honding as 

related to the sulfur orbitals. The most convenient is given hy Du£!.itz 

(154) and summarized in Table 3.4. He suggests that the overall 

geometry of the molecule could be accounted for if the sulfur atom is 

considered to be sp3 hybridized in a scheme first proposed by Pauling 

(161). Applying this hypothesis to the analysis of the bonding 

yields the result that the sulfur orbitals are split into a bonding land 

non-bonding set. The bonding set consists of those sp3 orbitals sigma 

bonded to two oxygens and a sulfur atom. The bonding orbital between 

the sulfur atoms will lie highest in energy owing to the experiment~ll 

observaton that this bond is long and weak (155). The non-bonding set 

of orbitals is the leftover sp3 orbitals which are pointing awa,y from 

the symmetry center of the molecule. Under normal circumstanc~s, these 

orbitals might be expected to be involved in 1T back bonding, bu.t in I this 

case this idea would be in disagreement with the experimental qata on 

the strength of the S-S bond. Bonding with oxygen lone pairs i.s 

possible however, and is known to contribute to the observed stiability 

of the S02 molecule which is a bi-product of the oxidation of qithionite 

(155). 

The orbital diagram that is derived from the above anal,ysislis 

summarized in Table 3.5. In comparison with the orbital states. 
2-

derived for S04 it is evident why the two lineshapes are qualitiativE!ly 

similar. Each diagram consists of three orbital groups with s~me e~lergy 

order: ° 2s, C1 bonding set, and the non-bonding p orbitals. 1;he 
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2-
Table 3.5 Distribution of States in the Bonding Scheme for S204 

---7.5 eV ••••••••• 

-- -14 eV •••••••• 

.... -17 eV •••••••• 

... -29 eV •••••••• 

- Molecular 
Orbitals 

02p non-bonding (8) 

s sr3 non-bonding (6) 

S-S bonding (2) 

S sp3,02p bonding a 
orbitals (4) 

02s 
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relative numbers of states are different as is the electron density con-

tained within which accounts for the differences in peak widths and 

intensities. 

The S(LMM) and O(KLL) spectra were fit to the diagram in 

Table 3.5 using the fact that the features in the spectra were pro-
2- 2-

bably due to the same transition types as seen for the S04 and S03 

anions. The peak at 117.7 eV is due to a double cross transition and 

the peak at 127.6 eV is due to single cross transitions between the 02s 

orbitals as the main C1 bonding orbitals. The main peak at 142 eV is 

from transitions between the sigma bonding set. The high energy 

shoulder is due, in part, to the cross transitions between the sigma and 

oxygen non-bonding molecular orbitals. Finally, there are the high 

energy cross transitions between the non-bonding set. The transitions 

assigned to the spectra using Table 3.5 are shown in Figure 3.40. 

The agreement of the lineshapes with the orbital picture is 

reasonable with respect to the location of the peaks relative to the 

expected locations of the transitions. The model is also seen to be 

effective in explaining the relative width of the peak. Also the 

increased intensity, high energy shoulder on the sulfur peak is 

explained. There is a series of main transitions at that energy which, 

when summed with the cross transitions between the C1 bonding and non-

bonding states, can account for the enhanced signal in this region of 

the spectrum. The situation is further complicated by the series of 
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double cross transitions from the non-bonding set that are also contri-

buting to, and broadening the high energy shoulder. 

The oxygen spectrum for dithionite fit the transition model as 

evidenced in Figure 3.40. The peak at 469 eV is composed of transitions 

between the lower lying oxygen 2s orbitals and the high energy oxygen 

non-bonding orbitals. The relative splitting of the two sets spread the 

transitions out evenly in energy so that other information, although 

present, is masked. Finally, analogous to the other sulfur oxides, the 

oxygen non-bonding orbitals are coupling to form the major peak at 

491.3 eVe 

The conclusion that is apparent from the above discussion is 

that the Auger lineshapes could be used in reverse fashion to derive a 

qualitative molecular orbital picture of this molecule, providing that 

the structure of the molecule is known. The differences between the 

dithionite lineshape and the other spectra are qualitatively seen to be 

manifestations of the different splitting of the sulfur and oxygen ato-

mic levels in different crystal field environments. 

2-
3.7.4 S203 Thiosulfate 

The energy level diagram for the thiosulfate anion as derived 

by Manne (153) is shown in Figure 3.41. The S(LMM) and O(KLL) 

deconvolved lineshapes are plotted in Figure 3.42 and 3.43 along with 

the transitions using the conventions established in the previous sec-

tion. A full list of the transitions is given in Table 3.6. The S-S 

bond length has been shown to be 1.97 A which compares with the 2.08 A 
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Transitions 

L2,3 al,al 

al,e 

al, 2al 

al, 3al 

al,2ea 

al, 4al a 

al,3en 

a1,4en 

al,a2n 

a1, 5al n 

e,e 

e, 2al 

e, 3al 

e,2ea 

e, 4ala 

e,3en 

e,4en 

e,a2n 

e,5en 

e, 5al n 

2-
Table 3.6 Transitions for S203 

eV 

113 

117.97 

123.4 

127.8 

129.94 

131.03 

137.4 

138.1 

138.73 

138.9 

122.94 

128.32 

132.8 

134.9 

135.98 

142.4 

143.0 

143.7 

143.77 

143.9 

Type 
(double cross 
not designated) 

single cross 

single cross 

single cross 

single cross 

single cross 

single cross 

single cross 

single cross 
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Table 3.6 (Continued) 
Type 

(double cross 
Transitions eV not designated) 

2a1,2a1 133.7 main 

2a1,3a1 138.2 main 

2a1,2ea 140.3 main 

2a1,4a1 141.4 main 

2a1,3en 147.8 single cross 

2a1,4en 148.4 single cross 

2a1,a2n 149.1 single cross 

2a1,5en 149.1 single cross 

2a1,5a1n 149.3 single cross 

3a1,3a1 142.62 main 

3a1,2ea 144.8 main 

3a1,4a1 145.84 main 

3a1,3en 152.2 single cross 

3a1,4en 150.9 single cross 

3a1,a2n 153.5 single cross 

3a1,5en 153.6 single cross 

3a1,5a1n 153.7 single cross 

2ea ,2ea 146.9 main 

148.0 main 

2ea,3en 154.35 single cross 

3ea,4en 155 single cross 
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Table 3.6 (Continued) 
Type 

(double cross 
Transitions eV not designated) 

2eO',a2n 155.7 single cross 

2eO' ,Sen IS5.7 single cross 

2eO',Saln 15S.8 single cross 

4al,4al 149.1 main 

4al,3en 155.4 single cross 

4al,4en IS6.1 single cross 

4al,2a2n 156.7 single cross 

4a,Sen IS6.8 single cross 

4a,Saln IS6.9 single cross 

3en,3en 161.8 

3en,4en 162.5 

3en,a2n 163.2 

3en,Sen 163.2 

3en,Saln 163.32 

4en,4en 163.12 

4en,a2n 163.8 

4en,Sen 163.9 

4en,Saln 164.0 



Table 3.6 (Continued) 

Transitions 

azn,a2n 

a2n ,5en 

5en,5en 

eV 

164.5 

164.5 

164.0 

163.6 

163.7 

164.8 

182 

Type 
(double cross 
not designated) 



length for a single disulfide band. As a result, the sulfur Auger 
2-
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lineshape for 8203 shown in Figure 3.42 displays considerable sulfide 

character (see Figure 3.23). 

There is considerable splitting of the contributing orbitals. 

There are a greater number of added main transitions due to the pre-

sence of the extra sulfur atom in the molecule. The peaks from these 

transitions dominate the spectra at 133.4, 140 and 147 eV; the lowest 

being from the 2a, sulfur 2s orbitals, the middle from 2al-a transitions 

and the lower energies are directly analogous to all the other sulfur-

oxides with the lowest peaks being from double cross 0 2s transitions 

and the peak at 127.5 eV being from a combination of single cross tran-

sitions involving the low lying 0 28 set and the a bonding orbitals. 

At the high energy side the 1ineshape extended smoothly toward 

zero. The broad shape is accounted for by the presence of a-non-bonding 

type transitions and transitions involving only the oxygen non-bonding 

electrons. The latter transitions are probably stabilized a few eV from 

back bonding between the 8 2p and 3d orbitals of the non-oxygen bond 

sulfur, the 3d orbitals of the central sulfur and the oxygen 2p line 

pairs. A de1oca1ization of this type explains the slight shortening 

experimentally observed with S-S bond (155). 

The added splitting from the extra sulfur atom is also indi-

cated for the oxygen spectrum. The main peak is broad and is aligned 

with the non-bonding, non-bonding transitions in Figure 3.43. At 

473.8 eV there is a structure due to high electron density cross 
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transi tions between the (j molecular orbitals and the oxygen 2p 

non-bonding set. 

The coupling of the low lying ° 2s,a1 and e orbitals the non-

bonding high energy set is seen to give rise to two sets of double cross 

transitions (with respect to sulfur) centered about -22 eV on the common 

energy scale. These transitions become main transitions for a oxygen 

core level excitation. The MO diagram predicts an approximate splitting 

of 5 volts which agrees closely with the experimental result. Finally 

the low energy structure evident at 438 eV and 444 eV is assignable to 

the transitions involving the e1,a1 ° 2s orbitals shown in the energy 

level diagram in Figure 3.41. 

It is evident from the figures that the thiosulphate anion is 

readily distinguishable from the other previously discussed oxyanions 

via the Auger lineshape. The main features described in the other 
2-

sulfur-oxygen ana10ges are present within the S203 lineshape, though at 

lower intensities relative to the transitions arising from the S-S com-

bination. 

3.7.5 S2- and 02- Sulfide and Oxide 

The MO diagram for sulfide shown in Figure 3.44 was derived by 

Carroll (162) for the gas phase molecule H2S. The lineshape for the 

anion is shown in Figure 3.45. Unlike the other species within the 

series being considered within this work, the Auger transitions observed 

are from only sulfur atoms. It is experimentally observed that the 

width and intensities of the S2- peaks are smaller and higher 
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respectively. This agrees with the small splitting of the sulfur states 

and the strong intra-atomic transitions expected for this type of 

molecule. 

The molecular orbitals in S2- closely approximate the atomic 

orbitals of the sulfur atom (155,162,163). Also the lineshape recorded 

in Figure 3.45 is not unique to S2- but is observed for other atomic 

species such as the inert gases (164), certain of the halogen gases 

(88,149), and carbon and phosphorous (103,147-149). The shape shows two 

structures. The broad low energy peak reflects the solid state 

broadened sum of the lal-1al and the lal-3p Auger transitions. These 

transitions can be observed however, as evidenced in Chapter 4 for 

spectra taken of low concentrations of sulfide on the surface of lithium 

metal. The most intense peak is from transitions involving the 1bl, 2al 

and Ib2 molecular orbital set that is derived from the sulfur 3p 

orbitals. 

The 02- lineshape is of sufficient importance in the following 

chapter to be shown and discussed here. The Auger transitions for the 

02- ion have been identified and reviewed in a multitude of studies 

(103,152,165,166). Figure 3.46 shows an experimentally derived O(KLL) 

lineshape obtained from a sample of clean lithium which had been exposed 

to atmosphere for a few seconds. The inset in the figure shows a 

literature lineshape from a gas phase study on the water molecule. The 

transitions are identified according to Mularie's and Peria's work using 

the L-8 coupling scheme (122). There is inherently more resolution in 
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the free oxide case as opposed to the peaks from the covalently bonded 

oxygens in the sulfur oxides. This is due to the decreased splitting of 

the oxygen orbitals in the absence of the directional influence of a 

crystal field. This peak set is easily identifiable from all the other 

oxygen spectra making it useful for qualitative analysis. 

3.8 Quantitative Analysis Using the Deconvolved Auger Spectra 
of the Sulfur Oxides 

Since each transition examined in the previous subsections is 

always the result of an initial core level excitation, it is to be 

expected that the area of each curve is a number which is proportional 

to the quantity of emitters within the analysis region. For a decon-

volved, baseline corrected spectrum, the area represents the COn-

centration of atoms within ca. three IMFP's (of electrons at that 

energy) from the surface of the solid. The number of Auger electrons 

that are emitted anisotropically from the sample in respOnse to an inci-

dent electron beam current 10 is given by (97,108,167): 

a 3.9 

where IA is the Auger current being emitted from the sample, NA is the 

concentration of emitters, A is the matrix dependent, mean free path of 

electrons at that energy through the bulk solid, a is the core level 

cross section for ionization and Rb is the backscattering factor which 

corrects for the fact that any electrons higher in energy than that 

needed for core level ionization can initiate an Auger event. The value 

of Rb depends directly on the integrated intensity of the electron 
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distribution at energies greater than the Auger threshold energy (EA) 

needed to observe the transitions. 

The values of the constants in equation 3.9 have been both 

theoretically and empirically modeled. For the mean free path para-

meter, work by Seah (168) and Penn (146) have both been used in 

calculating the surface response depth in electron spectroscopy. In the 

quantitative aspects of this work, the relationship derived by Penn are 

used, and though Seah's results prove useful in the next chapter for 

calculating atomic concentrations. Penn's model is given by: 

3.10 

where E is the energy of the electron and a and b are constants that 

depend on the electron concentration of the bulk material. The values 

of a and b were determined by Penn for the metals and are listed in his 

work (146). The value of A were shown to be accurate to within a few 

percent. 

The models for determining the electron beam core level ioniza-

tion cross section have been reviewed by Powell (169). The model used 

in the following analysis was originally derived by Bethe and uses the 

empirical results obtained by Powell in his work: 

3.11 

where Z is the number of electrons in the core shell, Eo is the incident 

energy of the electron beam, Enl is the bonding energy of the core level 
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and, bnl and cnl are constants which are dependent on the atomic number 

of the species. Powell has shown that for K level ionization the 

values of .9 and .75 for band c respectively are preferred values for 

electron beams with energy greater than ca. three times the bonding 

energy of the core level. For L2,3 shell ionization he noted that there 

is less agreement between theory and experiment but suggests that values 

bk = .55 and Ck = 2.0 will generally give results that are within only a 

few percent of the experimental values. 

The value of Rb, the backscattering factor was empirically 

determined by Ichimura using Monte Carlo calculations (170). His 

relationship, for the 45° analyzer sample geometry used within this text 

is given by 

-0 3 
Rb = 1+(2.00 - 2.14Z0 • 1)U • + (3.01Z0 • 1 - 3.05) 3.12 

where Z is the atomic number of the material undergoing the backs cat-

tering and U is the ratio of the electron beam energy to the bonding 

energy of the core level. 

The deconvolved signal has an integrated area that is only pro-

portional to the total Auger yield actually being emitted from the 

sample. There are a series of intensity modification steps that the 

signal experiences en route from the surface and sub-surface region to 

the point where the current is changed to a voltage-and displayed. The 

first of these arises from the angle of acceptance of the analyzer. The 

CMA used in these experiments passes electrons entering the analyzer at 

angles of ca. 42° with the axial center of the analyzer optics 
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(109,113). The acceptance angle of this arrangement represents a solid 

cone with an approximate 4° width variance (100,113,171). As a result 

of this arrangement the Auger current that enters the analyzer is 

reduced to a value that is less than 1% of the total emission current 

measured at the immediate surface of the sample. Also associated with 

the analyzer is a per cent transmittance value which represents the 

efficiency of the analyzer in passing all the electrons of a given 

kinetic energy from the entrance slit to the detector at the first stage 

of the electron multiplier (171). The electrons which do pass are then 

subject to electronic multiplication on the dynodes of the multiplier. 

The gain from this stepped series determines the signal intensity that 

is ultimately detected at the recording electronics. 

The above values are not known for the instrument used for this 

work within any acceptable degree of accuracy. The parameters could be 

determined by mapping the input to the analyzer with a separate electron 

gun of low current density positioned in front of the analyzer entrance. 

In this way the acceptance and transmittance of the analyzer could be 

determined exactly as a function of angle and energy. Also since the 

electron current is known, the value of the gain could be precisely 

determined and the change in gain as the multiplier ages would be clo

sely monitored. 

Absolute quantitation of the current signals detected at the 

last stage of the multiplier is difficult. It is possible however, to 

relate the relative concentration of two species within the same matrix 
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because the unknown geometric and gain parameters are the same for both 

species and would cancel in a calculated ratio of the two. In general, 

using equation 3.9 with the addition the unknown gain (G) factor, the 

following can be derived for two species within the same bulk matrix 

(l08, 167): 

Species A 
A A A 

(l+RbA) IA G 10 NA AA (JA 3.13 

Species B 
B B B 

(l+RbB) IA G 10 NA AB (JB 3.12 

Ratio AlB 
A A A 

(l+RbA) IA 10 NA AA (JA 3.13 

I~ IB 
0 N~ AB (JB O+RbB) 

Rearranging 
B B 

O+RbA) NA = IA AA (JA 3.14 

N1 It AB (JB O+RbB) 

The atomic concentration of species B with respect to A can be deter-

mined independent of all instrumental parameters. 

The areas of the deconvolved sulfur and oxygen spectra discussed 

in the last section were used in combination with equation 3.10 through 

3.12 and equation 3.16 to calculate the elemental oxygen-to-sulfur ratio 

in each of the standards. The theoretically calculated values as well 

as the experimental results are given in Table 3.7. The calculated oxy-

gen to sulfur ratios were in good agreement with the stoichiometric 

ratios for the Na2S04. Na2S03 and Na2S203 molecules. There was 



Table 3.7 Quantitative Results in the Calculation of O/S 

to the Sulfur Standards 

Corrected2 
Experimental Results Theoretical Results1 

Salt o Area S Area 
Counts Counts AoA AsA Rbo Rbs Oo(cm-1) os(cm-2) 

Na2S04 163.2 385.95 10.65 4.60 1.29 1.42 1.07xl0-19 2.08x10-18 

Na2S03 134.4 383 10.96 4.64 1.30 1.43 1.07xl0-19 2.05xl0-18 

Na2S203 122.3 800.12 12.09 4.78 1.31 1.45 1.07x10-19 2.03xl0-18 

Na2S204 182.88 600.1 1l.90 4.96 1.30 1.44 1.07x10-19 2.08x10-18 

1 Calculated given the known densities and core level binding energies 

2 Corrected for changes in beam current and multiplier gain 

Calculated 
Ratio 

O/S 

3.9/1 

3.1/1 

1.3/1 

2.7/1 
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~eviation from the expected 2:1 ratio for Na2S204 (NO/NS = 2.7). An 
2-

explanation of this discrepency is derived from the fact that the S204 

species exhibits a high degree of hydroscopic behavior in the 

crystalline form (155). There was considerable difficulty associated 

with producing the anhydrous form of the material. Loading of these 

standard samples was performed under ambient atmospheric conditions and 

it was likely that partial adsorption of water did occur. This 
2-

complexation of the S204 crystal with atmosphere H20 could change the 

experimental O/S ratio by the magnitude that is described in Table 3.7. 

From these results it is evident however that the peak areas obtained 

via the FFT deconvolution method are a true representation of the atomic 

concentrations of the species within. these matrices. 

3.9 Conclusion - Chapter Three 

The different S(LMM) Auger spectra and the different O(KLL) 

spectra are shown plotted for comparison in Figure 3.47. Since each 

spectrum in both figures is separately composed of identifiable 

transitions that give the line its character shape, it is concluded that 

the spectra are sensitive to the chemical state of the atomic emitters 

and therefore useful for qualitative analysis of surface species. 

Experimentally, it was found that the most useful spectrum to 

use was the sulfur LMM in deciding the chemical nature of the bonding of 

surface species. Since the sulfur atom is usually the central atom in 

the molecule, it feels the greatest amount of crystal field perturbation 

from the oxygen atoms and at the same time is protected from long range 
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Figure 3.47 S(LMM) and O(KLL) lineshapes for the sulfur 
oxides plotted in the same figure for comparison. 
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solid state effects in the crystal by the very same oxygen atoms (89). 

The lines are therefore inherently more sharp and easily 

distinguishable. The broader oxygen lines do show the same transitions 

(as would be expected from valence spectra) but they are less resolved 

over the range of the spectra. 

The data shown in the lineshapes was taken at a high signal-to

noise ratio. It was easy to 'point out' transitions apart from the 

broadened shape of the peak. In cases of low concentrations or shorter 

data acquisition times (in the following chapter) some data was fre

quently at a lower signal-to-noise ratio. After the deconvolution 

scheme, depending on the frequency distribution of the noise relative to 

the signal, extra features were observed on each spectrum associated 

with the low frequency components of the noise. This often masked the 

low intensity on the broad oxygen signal, making it useless for qualita

tive analysis. This effect was present also on the sulfur spectra but 

the increased resolution of the spectral features and larger differences 

between the spectra made them useful for qualitative molecular analysis 

when the oxygen spectra were no longer interpretable. As a result of 

this most of the qualitative work presented in the remainder of this 

study revolves around interpretation of only the sulfur U1M spectra. 

The FFT deconvolution method outlined in this chapter holds two 

distinct advantages over the other commonly used methods. First, it is 

fast, enabling data reductions to occur within a few minutes after 

acquisition. The presence of 'quick results' are often important in 
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defining the immediate scope of follow up experiments. Second, the 

transition information that is obtained from the debroadening that is 

achieved by the FFT is unparallel by any other method. For qualitative 

analysis, the FFT deconvolution technique is clearly the method of 

choice. 



CHAPTER 4 

COMPOSITE MODEL OF THE FILM FOR}ffiD ON LITHIUM ANODES IN 
THE Li/S02 AMBIENT TEMPERATURE BATTERY 

In Chapter 1 It was shown that no direct observations have been 

made on the progressive formation of the passive film on the surface of 

the lithium electrodes upon exposure to the solution components of the 

battery. The static bulk spectroscopic and microscopic results obtained 

in previous studies on the Li/S02 system can nonetheless be used to 

establish a composite model for the growth and final structure of the 

layer. In this chapter this model is compared with and tested against 

the controlled growth of the layer by exposing the clean Li surface to 

gas-phase S02' 

A schematic diagram of the model of the whole film formed by 

contacting the surface of a lithium electrode with the battery solution 

is shown in Figure 4.1. The model describes the present extent of 

knowledge on the compositional aspects of the film. Dey's results (52) 

on the formation of films on Li metal upon reaction with SOCl2 have 

indicated that the product film is probably non-uniform in depth: the 

formation of a morphologically diffuse upper layer is preceded by the 

formation of a compact lower layer directly on top of the bulk lithium. 

Bulk analysis on the entire film has indicated that it is composed 
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primarily of Li2S204 (50,52,54). Surface analysis of undischarged 

electrodes by Anderson has detected the presence of electrolyte and 

solvent related species within the upper (ca. 50 A) part of the diffuse 

layer (72). In addition, different oxidation states of sulfur were 

detected within the same sampling depth indicating that other species 

besides 52042- were contributing to the composition of the outer portion 

of the film. It is not known whether the compositional changes noted by 

Anderson for the uppermost regions of the film are applicable to 

describing the composition of the film throughout its entire structure. 

The simple bi-layered structure described in Figure 4.1 has been 

accepted for some time by researchers within the battery field. In 

Chapter 1 it was shown that the results used to construct the model were 

supported by other similar studies aimed at identifying the composition 

of the film (60-70). 

As of this writing, virtually nothing is known about the 

contributing mechanisms and related rates of formation of the different 

portions of the film. In addition, no mechanistic explanation has been 

offered as to why compositional variations and morphological differences 

exist within the film. This lack of information has hindered the 

ability to establish the relationship between the chemical and 

morphological aspects of the film with the storage and electrochemical 

characteristics exhibited by actual batteries. 

The composite model diagrammed in Figure 4.1 indicates that the 

chemistry of the formation of the film is a complex, multistepped 



202 

process. The observations show that the mechanism of formation of the 

film is dependent on the proximity of the reacting battery solution 

molecules to the film/bulk-Li interface. A serial construction of the 

layers using the S02/Li gas-surface reaction is.suited to study each 

mechanism as it is occurring during the film formation. In addition, 

the kinetics of the reaction governing the growth-of the layers at each 

stage will give information on the rate of growth, stability and 

thickness of the final film. 

The gas phase reaction used to construct the layer is directly 

related to the film forming reactions that occur at the solid/liquid 

interface of the lithium anode in the battery. It will be shown in this 

work that the behavior of the reactants as a function of pressure and 

time is such that the final layer formed in the gas phase model- is 

generally described by the composite model shown in Figure 4.1. 

Furthermore, additional information on the composition and stability of 

the layer is obtained from the gas phase reaction. It is conclusively 

demonstrated that the information obtained through the controlled gas 

phase construction of the layer is applicable to in predicting and 

explaining electrochemical behavior controlled by the fil~ formed on the 

lithium anode upon exposure to the battery solution in actual cells. 

4.1 The Pressure vs. Time Response Used in Monitoring the Reaction 
of S02 with the Clean Lithium Surface 

The focus of this chapter is to examine the reactions of a clean 

lithium surface exposed to sulfur dioxide gas. Two inter-related 
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approaches were taken to examine the molecular identity and formation 

rates of the products that result from controlled deposition of the che

misorbed product. The reaction was caused to proceed in a continuous 

flow of S02 so that the amount of gas phase species present at the sur

face was controlled at any time. 

The transfer system described in Chapter 2 was configured so 

that the concentration of reactant over the Li surface was controlled by 

changing the system pressure. At steady state conditions, the Li sur

face was scraped mechanically and the pressure response of the vacuum 

system was monitored as a function of time. Figure 4.2 shows the 

pressure-time response that resulted immediately following production of 

clean Li in a flowing stream of S02. The molecular and instrumental 

parameters that determine the shape of the curve are discussed later 

within this chapter. The pressure drop from the steady state after the 

scrape corresponded to the rapid adsorption of S02 from the free gas 

within the vacuum chamber. Figure 4.2 therefore, describes a reaction 

profile of S02 with the Li surface that is two dimensional in quantity 

and time. The reaction proceeded continuously so long as the Li surface 

was able to absorb molecules from the gas phase, after which the 

reaction was slowed and the system returned to the initial steady state 

conditions. The slowing of the reaction corresponded directly to the 

slow pressure rise and return to the steady state pressure in Figure 4.2. 

There were two important pieces of information available from 

experiments that gave the reaction profile in Figure 4.2. First, the 
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reaction was stopped at various times during the adsorption process and 

the sample was moved, using the transfer system (see Chapter 2), into 

the Auger chamber for spectroscopic analysis of the surface. Using 

ideas developed in Chapter 3 for AES, the molecular composition and 

relative concentration of all the surface species was monitored as a 

function of exposure time and amount reacted. By using the transfer 

system and reaction vessel to carefully vary the pressure, a wide range 

of coverages on the Li surface were analyzed and studied using this 

technique. As a result a depth profile of the reaction layer was deter

mined so that its stoichiometry was determined as a function of expo-

sure. 

The second piece of information on the Li/S02 system came from a 

consideration of the curve in Figure 4.2 itself. The plot is a result 

of the adsorption of S02 as a function of time. Rates of reaction, 

reaction order and activation energies are available from a series of 

profiles such as those in Figure 4.2. The rate of adsorption was exa

mined as a function of pressure and temperature within the transfer 

system reaction chamber using the technologies described in Chapter 2. 

From this analysis the energetics of the formation of the layer were 

described. 

The results on the Li/S02 gas solid system are divided into two 

different, but related, classes. The first half of the chapter deals 

with the AES analysis of Li surfaces exposed to different pressures of 

S02 for different times. This information is used to obtain a 
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mechanistic picture of how the layer is formed. The second part of the 

chapter uses the various pressure profiles similar to Figure 4.2 as a 

function of temperature to describe the kinetics of formation of the 

layer at low S02 partial pressures. This is preceded by a mathemati-

cal model of the processes which describe the shapes of the resultant 

curves. The data derived from these experiments is coupled with the 

mechanistic data from the first half to establish a complete model of 

the layer during and after its growth. This model is finally compared 

to the film that has been observed to form on Li electrodes in Li/S02 

cells with respect to composition, morphology and stability 

(Figure 4.1). This analysis is used to help explain the eff~ct of the 

surface layer on the electrochemical behavior of Li anodes during static 

and discharge conditions. 

4.2 Comparison of the Controlled Gas-Phase Layer Formation 
with the Model Describing Films in Actual Cells 

The construction of the S02 reaction layer on Li required that 

the partial pressure of the reactant gas be varied to create a wide 

range of surface coverages. Throughout all the experiments it was found 

that exposure to partial pressures of S02 less than ~1 x 10-3 torr 

always yielded the same S(LMM) lineshape in subsequent AES analysis. 

This was true regardless of the time of the exposure or absolute magni

tude of the starting pressure. For exposures higher than 10-3 torr a 

variety of lineshapes resulted which did show some dependence on the 

pressure, magnitude, and time of exposure. Two typical examples of 
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S(LVV) lineshapes for a low and high exposure are shown in Figure 4.3. 

Part (A) of the figure is the S(LMM) lineshape for an exposure of a 

clean Li surface to 5 x 10-8 torr of S02 for five minutes. Part B is 

the exposure of a new surface to an 760 torr pressure of S02 for 10 

minutes. The valence Auger spectrum was shown in Chapter 3 to be sen-

sitive to changes in molecular environment and chemical bonding. It was 

concluded then, that the two different exposures represented chemically 

different surface compositions. 

The source of this difference was traced to differences in the 

amount of S02 that had reacted with the surface of the metal. The abso-

lute coverages could not be calculated precisely in each case but rela-

tive differences in the amount adsorbed were inferred using Kinetic 

Molecular Theory (10,172). The amount adsorbed at any time, N(E), is 

given by the following relationship: 

N(t) :::0 Z • S 4.1 

where Z is the pressure dependent molecular collision frequency in mole-

cules per cm2 per sec given by: 

Z 
N • P 

I21TMRT 
4.2 

where NA is Avagodro's number, p is the pressure in torr, M is the mole-

cular weight and Rand T are the gas constant and temperature respec-

tively. The variable s in equation 4.1 is the sticking coefficient 

which is a measure of the probability that a molecule which has collided 

with the surface reacts and becomes chemisorbed. The value of s is at a 

maximum for a clean surface, but as the sites become filled with 
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chemisorbed ada toms s will decrease, because further collisions will not 

successfully result in a chemisorption reaction. The maximum value of s 

cannot be calculated from first principles but evidence presented later 

will show that it is in the range 0.1 - 0.3 for 802 reacting wi th the 

scraped Li surface. 

The values of the surface coverages were calculated using 

equation 4.1 and 4.2 assuming initially that the sticking coefficient 

didn't change and was equal to 0.3. For the low exposure lineshape in 

Fi~re 4.2a, 4.5 x 1014 molecules/cm2 of S02 had theoretically reacted 

with the surface; and the higher exposure lineshape in 4.3b corresponded 

to 1.75 x 1025 molecules reacted with the surface. If the number of 

molecules per cm2 for one monolayer coverage was taken to be 1 x 1015 

(173) the low exposure Auger S(LMM) lineshape corresponded to sulfur 

atoms present at ca. 0.45 monolayers on the Li surface. For the high 

exposure the number of 1.74 x 1010 monolayers was calculated by the same 

method, but it should be realized that the value of the sticking coef

ficient was ~ constant over this exposure interval and probably fell 

rapidly (to near zero) after 1 monolayer had formed (172). The number 

of monolayers calculated by this simple approach for the high exposure 

case was obviously too high. From this result however, it was clear the 

two exposures resulted in entirely different surface layers. The 

4 x 10-8 torr exposure represented monolayer or submonolayer con

centrations of chemisorbed product on the surface whereas the 

atmospheric dose had undoubtedly caused the formation of a chemisorbed 
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multilayer of unknown thickness. The S(LMM) Auger lineshapes of the two 

different exposures indicated that as the concentrations of the chemi

sorbed increased, the chemical composition of the adsorbed species (and 

therefore the layer) changed considerably. 

Chemical state identification of the peaks was achieved by 

direct comparison with the standards discussed previously in Chapter 3. 

This showed that the low exposure sulfur Auger peak represented S2- in 

the reaction product. 

A comparison of the S(LMM) spectra for the high exposure case 

with the standard lineshape showed the chemical state of sulfur to be 

different than any of the standards. The most conspicuous feature of 

the lineshape for the higher exposure is the peak at ca. 140 eVe This 

compared favorably with the sulfide peak to both the standard and the 

low exposure lineshape and was considered to be the detection of S2-

through or within the multilayered reaction layer. 

In the previous chapter, it was demonstrated that the low 

beam currents used in the spectroscopic analysis precluded any contribu

tion to the spectral shape from beam damage or reduction of the sample. 

This result is important because the reduction product, S2-, could be 

expected to be the reason why background S2- is observable in the high 

exposure spectrum shown in Figure 4.3. From the study in Chapter 3 

however, it is evident that in the one minute exposure of the sample to 

the electron beam, less than ca. 1% of the molecules present on the sur

face were reduced. It was concluded that the presence of the S2- peak 
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was indicative of a thin or porous layer that had formed over but had 

not completely covered the S2- ~onolayer shown in the low exposure case 

in Figure 4.3. 

The composition of the overlayer product is clearly different 

than that of the S2- underlayer product. Its lineshape was studied 

independent from the S2- peak contributions by digitally removing a 

calculated contribution of the S2- lineshape from the high exposure 

lineshape shown in Figure 4.3. This process is diagrammed in Figure 4.4 

where 4.4 a is the high exposure lineshape, 4.4 b is the S2- lineshape 

(normalized to the peak intensity in (a)) and 4.4c is the result of the 

subtraction (a minus b). The resultant lineshape was directly compared 

to the standards discussed in Chapter 3. Since S2042- has been postu-

lated to be the composition of the product layer found on Li surfaces in 

batteries (also see Chapter 1), the comparison was made directly to the 

standard S(LMM) lineshape for Li2S204. The results are shown in 

Figure 4.5. While specific chemical information was unobtainable, it is 

clear that the main features of the subtracted peak agree reasonably 
::::II 

with the standard sulfur/S204 lineshape. From this result it was 

concluded that the composition of the film which had begun to form on 

top of the S2- layer was one where oxygen was bonded directly to sulfur 

in a species which was chemisorbed to the surface. 

In this work, a gas phase reaction is being used to approximate 

a film formed on lithium electrodes in battery solutions. The chemical 

and morphological relationship between the two can be compared and 
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analyzed to show that the layer being formed upon controlled exposure is 

equivalent to what is formed in solution. The composition of the layer 

which is formed upon reaction in the gas phase was dependent upon the 

initial concentration of the gas. The film formed at any pressures less 

than ca. 1 x 10-3 torr of S02 is one where the sulfur is exclusively in 

the S2- chemical state. Separate experiments using atmospheric pressure 

exposures showed that it is possible to form a thicker product layer, 

but this is preceded by the formation of the thin layer containing 

sulfide. The formation of two layers in the gas phase reaction is 

consistent with the observations made in studies on the films formed in 

actual batteries as exemplified by the composite model in Figure 4.1. 

We can conclude therefore that at the high pressure exposure, the 

chemistry of the Li-S02 system upon intial contact is the same and 

independent of the concentration of gas. 

This conclusion depends upon the behavior of the other 

components toward the surface of Li as the layer grows. Acetonitrile, 

the solvent, reacts via a polymerization reaction (56,62) whose products 

apparently do not passivate the surface (60-63). It can be expected 

that some reaction will occur between acetonitrile and the Li surface, 

however the products do not remain associated with the surface, but 

instead become dissolved in the bulk solution. Subsequent reaction with 

S02, which does form a surface layer, will retard the acetonitrile reac

tion, thus yielding a film which is probably equal in composition to the 

layer form in the gas phase in reaction with only SOZ. 
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In addition, there is direct chemical evidence for the 

equivalence of the layers formed in the gas and solution phase 

exposures. In an earlier paper from our lab (174), the S(LMM) derivative 

lineshapes for a lithium surface exposed to battery solutions were 

compared to the lineshapes obtained by high pressure gas exposures. The 

results clearly showed that the chemical composition of the layer formed 

by two different methods was equivalent, indicating that the formation 

of the layer was the same for both exposures. A copy of this paper is 

provided in Appendix D. 

The gas phase construction and analysis of the Li-S02 layer is 

clearly an effective method to help explain the energetics and chemical 

aspects of the film formed on Li in battery solutions. 

4.3 Surface Layer Formation as a Function of Exposure and Depth 
Qualitative Results and Discussion 

The experimental method defined and justified in the previous 

section was used to examine the film compostion as a function of both 

depth and stage of formation. The result of the exposures are shown in 

Figure 4.6. For consistency, the units of exposure were converted to 

Langmuirs where 1 Langmuir (L) = 1 x 10-6 torr seconds. As shown pre-

viously, the lower exposure composition showed sulfur to be in the S2-

state. 

The spectra of the lowest exposures are dominated by the L2,3MM 

Auger peak where the valence electrons are coming from the sulfur 3p3/2 

and 3pl/2 orbitals of the S2- anion. For a full explanation of the 

orbital nonenclature used to describe the Auger peaks in this and 
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following sections, the reader is referred to Chapter 3 in the sections 

dealing with the standard sulfur lineshapes. There is some splitting 

evident on the low energy side of these spectra which is due to the 

S(L23,Ml,Ml) and the S(L23MIM2,3) Auger transitions. Other structures, 

though present in the original data, are traced to noise fluctuations in 

the signal which the FFT deconvolution scheme had retained and enhanced. 

It was observed that the spectra obtained for the lowest expo

sure cases did not exactly agree with the spectra being used as the S2-

standard. This was evident in the relative intensities of the main and 

low energy peaks as well as the de broadened low energy splitting that 

was observable for the low exposure case over the S2- standard. The 

reason for this is that the low exposure sulfide peaks arise from sub

monolayer coverages. For these coverages, interactions between adjacent 

molecules are at a minimum and each molecule is present in the same che

mical environment. The effect of increased surface coverage for the 

low-exposure cases is seen in Figure 4.6 to broaden the signal to 

approach the standard spectral shape more closely. This solid state 

broadening effect is well known and has been characterized for large 

numbers of systems studied by electron spectroscopic techniques (88,89). 

There is one more effect that contributes to signal broadening 

which is applicable to these experiments. When the surface of a sample 

is rough, with microstructure on the order of the diameter of the 

electron beam, the relative focal point of these surface defects will be 

at large variance with respect to the analyzer. The overall result is 

to shift in energy the spectral information coming from each of these 
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regions. The observed peaks will appear broadened with respect to peaks 

obtained- on smooth surfaces. This effect has been noted in ESCA for 

roughened surfaces (175). The geometry of the analyzer with respect to 

the surface is critical in determining the obse~ved relative energy (not 

the true energy!) and also the broadening of the spectral signal. It is 

probably true that the scraped Li metal surface represents a worst case 

situation and as a result, many of the differences in line width for the 

low exposure trials can be attributed to this roughening effect. 

At pressures higher than 1 x 10-3 torr it was possible to 

observe the presence of the covering layer of higher oxidation state 

sulfur oxide species beginning to form. It should be noted that there 

was much more experimental difficulty in measuring the higher exposure 

pressures (a thermocouple gauge was used) so that there was some 

irreproducibility in the lineshapes as a function of exposure. For very 

long exposures at 1-760 torr S02 however, it was observed that a 

limiting lineshape was obtained so that further doses of gas did not 

change the observed chemical composition of the layer. The derivative 

of this limiting Auger line shape was seen to be equivalent with the 

solution exposure derivative Auger line shape in our earlier work (174). 

This line shape was therefore considered to be the endpoint of the layer 

formation experiment and its lineshape to be independent of contribu

tions from the underlying sulfide monolayer. 

The high exposure S(LMM) line shape was not directly comparable 

to any of the sufur-oxide standards discussed in Chapter 3 with respect 
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to either the relative intensities or widths of the spectral peaks. The 

suggested upper layer ·was most definitely not exclusively dithionite as 

suggested by the studies used to construct the model in Figure 4.1 

(52-63). 

If the final high coverage spectral lineshape is the result of 

more than one sulfur species present then a summation of the appropriate 

lineshapes is a viable approach to determining the composition of the 

layer. Because of the complexity of the sulfur oxide lineshapes and 

because of the limitations seen in the previous section for the 

subtraction of complicated lineshapes, only a peak-to-peak match of the 

data with standard spectra was performed. A better indication of the 

film composition would be obtained from surface analysis of the whole 

film by XPS. This technique is particularly applicable to sulfur 

systems where the core shifts of the various oxides are large with 

respect to the line widths of the spectral peaks (164). 

A peak-to-peak comparison of the Auger lineshape for the 

limiting coverage with the sulfur oxide standards is given in Figure 

4.7. The criteria for the fit was an optimum match from among all the 

sulfur oxide spectral combinations possible. For each trial the 

S(L2 3M2 3M2 3) main transitions were aligned at their maxima on a com-, , , 
mon kinetic energy scale. A total of seven peaks from the S2042- and 

S20~2- lineshapes described in Chapter 3 were seen to contribute opti-

mally to the lineshape for the limiting, high exposure case. Further-

more, the results indicated that a ca. 50% mixture of the standard 
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82°42- and 82°3 2- line shapes gave the desired intensities and locations 

of the peaks within the final lineshape. It should be noted that this 

analysis does not restrict the composition of the layer to just those 

two species. This is because the formation of 82°32- from two 802 

molecules leaves an extra oxygen which was not found to desorb from the 

film into the gas phase. This leads to the conclusion that other sulfur 

oxides "are possibly present within the layer at lower concentrations. 

Results of the O(KLL) lineshapes for the corresponding exposures 

in Figure 4.6 are shown in Figure 4.8. The information present within 

the O(KLL) spectral shapes was expected to be limited. The oxygen 

lineshapes in Figure 4.8, however, did show some general trends that are 

worth noting. 

Analogous to the low exposure sulfur cases, the O(KLL) low expo

sure lineshapes show a minimum in broadening and a maximum in observed 

splitting. The lineshapes compare favorably to the gas phase spectra of 

oxygen in compounds like CO and H20. As shown in Chapter 3, low expo

sure lineshapes of the oxygen Auger transition on the Li surface compare 

to situations where the electron density is concentrated mainly on the 

oxygen atom. The evidence indicated therefore, that the oxygen was sur

face bound via an ionic bond so that it was in the 02- state. As the 

concentration of oxygen on the surface increased, broadening increased 

as ~ould be expected from solid state effects. 

The higher exposure lineshapes represented situations where oxy

gen was bonded to sulfur directly as evidenced by the increased 
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broadening due to orbital splitting, which compares favorably for that 

observed in the sulfur oxide standards in Chapter 3. It is clear that 

the oxygen (KLL) spectra substantiate the conclusions drawn from the exa

mination of the sulfur spectra. 

The 1ineshape information from the exposure of a clean Li sur

face to S02 gas was used to draw a number of conclusions. The oxygen 

and sulfur detected by AES was primarily all from S02 molecules because 

background gas phase species were negligible. The presence of the S2-

and 02- peaks, therefore were interpreted as direct evidence that on the 

lithium surface the S02 molecules split in a dissociation step via the 

mechanism. 

4.3 

This reaction was common to all exposures at low partial pressure of S02. 

The existence of the lower layer postulated in the composite 

model is confirmed by this work. The composition of the lower layer is 

however, different ~ ~ of ~ upper lay~. This is the first 

direct evidence that the film formed in actual batteries has distinct 

layers of different composition. Higher coverages of a mixture of 

sulfure oxide species were formed only at extremely high partial 

pressures of S02 gas, indicating that the relative rate of formation of 

the overlayer was slow and dependent on the surface concentration. The 

unbalanced reaction scheme which leads to a chemisorbed sulfur oxide of 

varying composition is summarized: 



Li + 802 

Li28204 
Li28203 
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4.4 

These sulfur oxide species comprise an upper diffuse layer analogous to 

the upper layer observed on anodes in actual cells. 

4.4 First Monolayer Composition as a Function of Exposure and Depth -
Quantitative Results and Discussion 

In this section the geometric and molecular dimensions of the 

reacted Li surface are defined. Table 4.1 summarizes the theoretical 

amounts of atoms and molecules that can 'fit' on a Li surface. These 

numbers are useful in the forthcoming quantitative discussions. Where 

more than one value for coverage is given, the lowest is used under the 

assumption that the surface cannot contain any more molecules than the 

projected area of the largest component will allow. 

4.4.1 Absolute 8urface Coverages from AES Measurements 

The S2- and 02- adspecies were observed to be the sole products 

of the reaction of S02 with the scraped Li surface so long as the 

pressure was kept below ca. 10-3 torr during the exposure. It was use-

ful to define the extent to which this reaction occurred to obtain an 

idea about the thickness of the ionic layer and clues as to the surface 

interactions that were contributing to its formation. Using the methods 

developed in Chapter 3, the peak areas for the S2- peaks obtained for 

these low exposures were used to determine an effective concentration of 

surface species as a function of exposure time and pressure. 
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Table 4.1 Physical Constants for the Li-S02 System 

Metallic Radius A Atomic Radius A Ionic Radius A 

Lithium 

Sulfur 

Oxygen 

Lithium 

S02 nondissociated (flat) 

S02 dissociated 

1.85 1.84 

1.40 1.40 

Atoms/Molecules per Monolayer 

1.66 x 1015 atoms/cm2/monolayer 

3.73 x 10-4 (h) 

2.77 x 10-14 molecules/cm2/monolayer (e) 

4.64 x 10-14 molecules/cm2 (f) 

a. Source: C. S. Barret, Acta Cryst 9, 671 (1956). 
b. Source: Sargent Welch Scientific Company, Materials Catalogue 124. 
c. Source: A New Dictionary of Chemistry. 
e. Calculated from stoichiometric Li + S02 + Li2S + 2Li20 (cerii radii 

only) (Section 4.1) 
f. Calculated from effective ionic radius size assuming close surface 

packing. 
g. Per atom value: No bond formation. 
h. From Dushman, Scientific Foundations of the Vacuum Technique (176). 
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Before this is shown, an additional piece of information is 

introduced which is useful in describing the relative amount of species 

reacting with the 11 surface at any time. This is the value of the 

sticking coefficient (s) which is calculated fro~ analysis of the shape 

of the pressure vs. time curve for these systems as shown in Figure 4.2. 

The sticking coefficient is defined as the instantaneous rate of 

adsorption (in molecules per second) divided by the collisional rate of 

molecules (in molecules per second) with the surface from the gas phase 

(172,173). The collisional rates are calculated from kinetic molecular 

theory from equation 4.2 in section 4.1 for any pressure, and the 

instantaneous rates are obtained from the pressure vs. time curves for 

the low pressure trials. The resultant sticking coefficients calculated 

for the range of pressures and temperatures examined in this work ranged 

from 0.1 to 0.3 - less than one third to one tenth of all collisions of 

molecules with the lithium were resulting in successful dissociation and 

chemisorption on the 11 surface. These are maximum values and as the 

surface becomes filled, the sticking coefficient will drop; eventually 

falling to zero for a conq;L~tely passivated surface (172,173,176). 

The results of the S2- S(LVV) integrated peak areas for the low 

pressure exposures are plotted in Figure 4.9a as a function of the 

logarithm of the exposure in Langmuirs. The areas show that the surface 

concentration of S2- rises quickly for the lowest exposures and then 

levels off for any exposure greater than 3.3 Langmuirs. There is some 

scatter in the points for the highest exposures which is due to the 



(\ 
s=0.3 : 
8=1 I 

I 
I 
I 
I 
I 
I 
I 

/: 
I (a) 

~--~~I-+I--~----r---+---~--~ 200~ 
-1 0 1 2 3 4 5 6 

log exposure (in langmuirs) 

1.0 

~S=o.2 
I 8=1 
I 
I 
I 
I 

( b) 

2 3 4 5 6 

log exposure(in langmwirs) 

4.9 Experimental (a) and theoretical (b) Auger 
8(LMM) peak areas for 802 exposures less than 
1 millitorr. 

227 



228 

roughened Li surface created by the scrape-cleaning method. The Auger 

intensity is varied because the number of molecules within the electron 

beam area for a rough surface is greater than that for a smooth one. 

The significance of these results was re~lized by comparing the 

plot in 4.9a with a theoretical curve plotted in Figure 4.9b. Figure 9a 

is a plot of theoretical fractional coverage for a unit area as a func

tion of exposure assuming an average value for the sticking coefficient 

of 0.2. It was also assumed that the sticking coefficient remained 

constant until a coverage of one monolayer was reached; after which it 

fell immediately to zero. A comparison of the two curves showed that 

the peak area intensities of the S2- Auger signals leveled off at the 

same exposure as did the theoretically calculated curve.' This is strong 

evidence for the fact that the coverage of the S2-/02- layer, formed 

upon contact between S02 at pressures less than 1 millitorr and the 

lithium surface, was nearly one monolayer. 

This conclusion was further supported by derivative AES spectra 

obtained for the Li metal peak before and after exposure. Free lithium 

atoms have three electrons which are configured 1s22s1 in the ground 

state. Given the three electron Auger process described in detail in 

Chapter 3, it is evident that a single Li atom cannot undergo an Auger 

transition. This is even more the case for Li atoms which have been 

ionized during the formation of a chemical bond in an inorganic salt. 

As a result, Auger spectra obtained for lithium salts do not show a Li 

peak (177-179). 
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Lithium metal, loaded into the vacuum system and scraped clean 

of any oxide covering the surface, does show a series of Auger peaks at 

energies less than 100 eVe The source of the electrons for these peaks 

must be the conduction band formed by covalent ~onding of the lithium 

atoms in the metal lattice. The lithium atoms borrow their electrons 

from a collective pool supported by all the atoms of the metal itself. 

This suggests that the lithium Auger transition gives an indication of 

the surface 'state' of lithium and can be used as a method to detect 

lithium atoms which are contributing to band structures in the solid. 

The application of this idea to determining the thickness of the 

layer formed by dissociation chemisorption o~ S02 on the Li surface 

follows directly. The initially clean Li surface should show a large 

L1 metal Auger peak and this was verified experimentally as shown in 

Figure 4.10a. As of this writing only little identification of the 

electronic processes contributing to the Li Auger peaks has been 

offered. Therefore no attempt was be made to extract specific molecular 

or band information from the peak slope or shift. As the layer 

thickness increases there should be a shift in the peak energy and a 

direct decrease in the intensity as the bulk metal 'recedes' from the 

surface of the sample. At layer thicknesses greater than the mean free 

path of a lithium Auger electron through the layer, the Auger lithium 

peaks should disappear altogether consistent with the preceding 

discussion. For a Li2S and Li20 matrix, the sampling depth of a lithium 

Auger electron through the S2- layer was estimated ·from Penns work (146) 
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to be ca. 7-8 monolayers or ca. 17 A. Figure 4.10e shows the Auger 

spectra for a fully passivated high coverage surface (with the 
= = 

S204/S203 product mixture). As compared with the clean lithium metal 

standard there is no evidence for Li peaks in the high surface coverage 

spectra indicating that there was ~least a 17 A thick sulfur oxide 

overlayer on top of the S2-/02- layer. Figures 4.10b and c show lower 

exposures of lithium metal to 5 x 10-6 torr for 1 hour and 5 x 10-5 torr 

for 1 hour of S02 respectively. The lithium peaks are clearly apparent 

in these spectra indicating that the sulfide/oxide layer is thin for 

both these exposures. This is strong evidence to support the result 

that the first layer was formed to coverages that limited at 

approximately one monolayer. 

One alternative mechanism to be considered is that the disso-

ciation of the S2-/02- layer by diffusion of Li atoms toward the surface 

or migration of the adspecies into the bulk continuous after monolayer 

coverage. There was no experimental evidence to support this mechanism. 

Low exposure product layers were observed in this work to be stable 

overnight in vacuum with ~ detectable changes in relative intensities 

and shapes of the Auger signals. Furthermore, an ongoing 

diffusion/dissociation mechanism would suggest that it would be possible 

to 'saturate' the S(LVV) Auger spectra intensity at S2-/02- layer 

thicknesses greater than the inelastic mean free path of the sulfur 

Auger electron through the 1128/Li20 matrix. 1bis saturation value was 

estimat~d relative to the 3.3 Langmuir exposure in Figure 4.9 for which 
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kinetic molecular theory coupled with the kinetic data indicated that 

one monolayer coverage had been reached. The empirical value of the 

mean free path obtained from Penn (146) was ca. 6.5 monolayers of Li2S 

and LiZO for a sulfur LVV Auger electron at 135 ftV. This indicated that 

an intensity of at least 6 times the experimentally recorded value for 

the lowest coverages would be expected for the thicker layers. The 

values in Figure 4.9 do not reflect this range of intensities. 

The chemisorption and dissociation of S02 to form only a single 

monolayer is not an unusual result as far as most chemisorption reac

tions are concerned. There are numerous examples of this process for 

other gas-solid systems within the literature for different temperatures 

and pressures of adsorbate (172,173,176,180,181). The chemical bonding 

of the type needed for a molecule to become chemisorbed involves 

electron sharing or transfer over short ranges. The molecule which is 

to be chemically bonded to the surface needs to be in direct contact 

with the atoms in the surface plane. Once a complete monolayer has 

formed, the proximity to the surface atoms that is needed for 

chemisorption cannot be obtained and the rate of chemisorption becomes 

low or zero. The spectroscopic and kinetic evidence presented in this 

work indicate that this qualitative explanation applies to the 

dissociative chemisorption of S02 on lithium surfaces. 

The dissociation process of one monolayer coverage forms a 

compact layer similar to the type postulated to exist on the 11 anode in 

actual batteries (see Figure 4.1). Since the actual concentrations of 



233 

molecules in the surface monolayer is low relative to the amount present 

in the thick overlayer, it is not suprising that the different 

composition of the lower layer could not be detected by the hitherto 

bulk analytical techniques used to analyze the film. 

The oxygen peak areas did not show the same behavior as observed 

for the sulfur spectra. There was a larger amount of oxygen present at 

the earliest exposures than was expected. This was due to residual oxy

gen accrued by the lithium during the transfer of the samples from the 

glove box into the reaction chamber. When the sample was scraped in the 

S02 stream to initiate the reaction, it was likely that low con

centrations of oxygen remained on the surface of the Li. Experimental 

evidence indicated the contaminate level of oxygen was less than 0.5 

monolayers for all the initial scrapes. Subsequent scrapes of the same 

sample completely eliminated the contaminant oxide and contributions of 

this effect to the oxygen signal intensity was negligible. 

4.4.2 Auger Oxygen-to.Sulfur Ratios for Low Exposures 

The final piece of quantitative information available from the 

AES measurements of Li exposed to small doses of S02 came from con

sideration of the oxygen-to-sulfur ratios for each trial. In Chapter 3, 

a direct method for calculating the atomic ratios from first principles 

using the N(E) Auger peak areas was detailed. The determination 

revolved around the use of the equation for the Auger signal intensity 

(167) which is reproduced for convenience: 

3.7 
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Reviewing the parameters: IA is the Auger current for a transition as 

measured at the sulfur of the sample; 10 is the primary beam current; NA 

is the atomic concentration of atoms within the electron beam excitation 

volumn; 0c is the core level ionization crossection as calculated by 

Gryzinski (169) or Bethe (169); Rb is the backscattering factor calcu-

lated from Ichimura (170), and A is the mean free path of the Auger 

electron as given by Penn (146) or Seah" (168). For a full review of 

these parameters and their direct use in calculations involving 

equation 3.7 the reader is referred to Chapter 3. 

In Chapter 3 it was shown that equation 3.14 could be used to 

calculate the atomic ratio NA/NB: 

3.14 

where SB and SA are the composite sensitivity values for the mean free 

path, the incident current, the backscattering factor and the core level 

ionization crossection for elements B and A, respectively. 

This method was initially applied to the monolayer coverage data 

for the low S02 exposures with one change. For low coverages on the 

surface, the mean free path of both species was expected to be the same 

since there was a single equivalent depth contributing to the Auger 

signal for both elements. The results of these calculations are plotted 

in Figure 4.11 (the dark circles). Quantitatively the O/S ratio calcu-

lated by this method showed large initial deviations; due to the 

enhanced low exposure oxygen signal discussed previously, then a 

leveling off to an average value of 5.9 with conslderable scatter. 
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The expected O/S ratio from a strict dissociation of the S02 

molecule was O/S = 2.0. A quadruple mass analyzer was then used to look 

for desorbed sulfur species during the reaction and none were found. It 

was possible however that the O/S ratios, as cal~ulated directly from 

equations 3.7 and 3.14 were not reflecting the true surface 

concentrations of adsorbed species because the IMFP of each transition 

was not considered. Further evidence for this was found in the O/S 

ratios calculated using the derivative lineshapes for the same series of 

exposures. It is possible to use the peak-to-peak magnitude of the 

derivative signal, if carefully compared to a standard, to quantitate 

the amount of species present within the surface region of a bulk solid 

(84,100). For constant instrumental parameters and excitation energies, 

it is possible to derive relative sensitivity factors for each element 

in a particular solid matrix (100,109). Sensitivity factors of this 

type are tabulated (100,102) for quantitative applications of the 

derivative data. The standards used in this compilation for were CdS 

and MgO for sulfur and oxygen respectively. The oxidation state of both 

anions in these standards is -2, which is exactly the same for the 

dissociative species on the surface of the Li. This suggests that the 

relative sensitivity factors for sulfur and oxygen (0.8 and 0.5, 

respectively) may be applied, using the derivative spectra for the low 

exposure cases, to the determination of the oxygen-to-sulfur ratios of 

the chemisorbed S02 on the lithium surface. Such sensitivity factors 

already include however, corrections for differences in IMFP of the 
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S(LMM) and O(KLL) electrons. The results are plotted in Figure 4.11 as 

the open triangles. These values center closely about 2.0 supporting 

the hypothesis that the S02 molecule dissociates and quantitatively 

remains as chemisorbed anions on the surface. 

Because there were no des orbed species detected and because 

derivative peak-to-peak standardized quantitative results indicated a 

O/S ratio of 2.0, the enhanced oxygen calculated using the N(E) peak 

areas was questioned. The results indicated that there were fundamental 

differences between the calculation of the ratios via the standardized 

derivative data and the direct calculation from the N(E) peak areas. 

The only difference in the two methods was the exclusion of the mean 

free path correction for the N(E) calculation using equation 3.1 which 

was based on the premise that since only ~monolayer coverage existed 

on flat lithium surface, the 'response depth' for both the adsorbed 

anions was equal. This is a reasonable approximation that has been 

shown to be correct by Hubbard (182) in quantitative Auger analysis of 

adsorbed hydrocarbons at monolayer coverage on single crystal platinum 

surfaces, which are indeed flat on the molecular scale. 

It was deemed necessary to consider the possible backscattering 

of Auger electrons through the roughened lithium substrate itself. When 

the mean free path ratio for oxygen and sulfur Auger electrons passing 

through lithium metal was included in the calculation of the atomic 

ratio, the data in Table 4.2, resulted. The values of the mean free 

paths were calculated from Penn's work (146) as outlined in Chapter 3. 
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Table 4.2 Effect of Including the MFP of 0 and S Auger Electrons 
Through Lithium Metal on the Calculated Atomic Ratios 

Exposure Original Ratio Corrected Ratio 
(in langmuirs) (no IMFP factor) (I~P ratio included) 

3.16 5.58 2.04 

15.8 3.02 1.1 

28.1 5.46 1.99 

89.12 6.75 2.5 

3.9 x 103 7.06 2.6 

1.6 x 104 5.84 2.14 

5.6 x 104 5.72 2.09 

1.6 x 105 7.71 2.8 

mean free paths through Li metal 

(KLL) 
o Auger @ 500 eV 20.182 Ratio ::0 2.73 

(LMM) 
S Auger @ 135 eV 7.395 

Values are consistent with Table 1 in Penn's work (146). 
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The modified results are also plotted as the solid rectangles in 

Figure 4.11. The new values clearly agree well with those obtained 

from the derivative signals and provides further experimental evidence 

for retention of all the fragments of the dissociated S02 molecule. 

This is compelling evidence that backscattering of Auger electrons from 

the surface adspecies through the roughened lithium substrate can 

selectively attenuate the intensity of the observed signal. 

A consideration of the physical roughness of the Li surface 

which might contribute to the process just discussed lead to two 

possible models. The first possibility was that the lithium metal had 

dissolved the dissociated molecule so that scattering through a lithium 

overlayer had occurred. This mechanism was discussed and eliminated 

early in this section and it was determined that the first monolayer, 

once formed, was stable and relatively immobile. The second possibility 

is shown in Figure 4.12. For a highly roughened surface with hills and 

valleys much greater in size than the diameter of the adsorbed anions, 

significant scattering through the lithium metal will occur. This 

effect is enhanced by the fact that due to the analyzer-sample geometry, 

electrons which are 45° to the normal of the surface are detected. 

There is no question that a scraped lithium metal surfac.'~ is extremely 

rough. This roughness is not only visually apparent but Is directly 

evidenced by the scatter in the experimental O/S ratios for the same S02 

exposures. Experimentally, to avoid contributions from electron beam 

reduction, the beam was shifted across the surface of the sample for 



· 240 

4.12 Cross section of a roughened lithium surface 
showing the backscattering of electrons through 
the lithium metal substrate. 
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each acquired spectrum. The oxygen peaks represented the atomic con-

centration at different surface regions than the sulfur peaks. For a 

rough surface, the true surface area under illumination by the electron 

beam is expected to be different from point to point. The ratio of oxy

gen-to-sulfur will show considerable scatter, which is what is observed 

in the results in Table 4.2. The effect of surface roughness on the 

intensity and width of electron spectroscopic signals has been reported 

in the literature (172,183). The results obtained for the adsorbed 

monolayers in this work are reasonable in light of these models. 

The quantitative data on the formation of the first layer has 

showed conclusively that completely dissociated sulfur dioxide molecules 

were forming a uniform layer at approximately one monolayer coverage. 

In addition, it is evident that the morphology and thickness of the 

layer corresponds to that expected from the composite model shown in 

Figure 4.1. The composition of the layer is precisely one third Li25 

and two thirds Li20 resulting from the complete retention of all the 

fragments from the dissociated molecule. The uniform monolayer must 

provide a substrate for the further attachment of S02 molecules at high 

partial pressure to form the surface oxide monolayer that is observed in 

the Auger lineshapes. Its stability and chemical composition must 

control the thickness and rate of growth and composition of the next 

overlayer deposited. 
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4.5 Introduction to Rate Theory and Adsorption Processes at Su~faces 

The discussion will now be shifted toward measuring the rate of 

formation of the first monolayer whose composition is the result of the 

dissociation of the S02 molecule. First a brief. description is given of 

the physical processes that govern the formation of the layers described 

in the early part of this chapter. This will be used as a basis for 

understanding the energetics of surface layer formation at various sta

ges. 

The surface of the lithium is defined as being the boundary bet

ween the bulk metal and the gas or vacuum above it. By the very nature 

of their location, the atoms which lie in the surface plane experience a 

chemical environment which is different than that which is felt by those 

in the bulk (172,173,176). In general, for clean metals in a vacuum, 

this is a direct result of unsaturated chemical bonds at the surface. A 

high positive surface free energy exists yielding surfaces that are 

thermodynamically unstable (173,180). When a clean metal surface is 

exposed to a gas, it will spontaneously and exothermically adsorb the 

gas at a rate and amount that is dependent on the chemistry of the 

gas-adsorbate solid-adsorbent interaction (172,173,180). 

The theoretical maximum rate of interaction between the gas and 

the surface is given by Kinetic Molecular Theory (10,172,176) to be the 

number of collisions of the gas phase species with the surface atoms. 

The actual rate which can be measured is almost always less than the 

theoretical, because a certain geometric orientation of the impinging 
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molecules is needed for interaction to occur (173). The kinetics and 

energetics of molecules that have undergone successful collision is 

given in Figure 4.13. A molecule which collides with the surface along 

pathway A can be adsorbed in the potential well ~ with the exothermic 

release of energy ~Hp. These interactions are characterized usually by 

weak Van der Waals forces (173,180) and the value of ~Hp is usually less 

than 15 kcal/mole (173). Due to the weak binding forces holding the 

molecule to the surface the adsorbed species can easily readsorb energy 

~Hp from the lattice of the solid, desorb and reenter the gas phase. 

The efficiency of this process depends upon the temperature of the solid 

and also the height of the energy barrier. For purposes of 

classification, molecules which are absorbed under these conditions are 

timed physiadsorbed or physisorbed (173). An alternate pathway to 

desorption is depicted along profile B in Figure 4.13. A physisorbed 

molecule can adsorb enough lattice energy to mount the activation 

barrier EA and become adsorbed in the potential energy well C with 

exothermic release of heat ~Hc. These interactions are characterized by 

strong chemical bonds and the value of ~Hc is usually greater than 

15 kcal/mole. For this reason the adsorbed molecule is now classified 

to be in the chemisorbed state (172,173). The probability that a 

molecule became adsorbed within this well as opposed to being desorbed 

is given directly by the relative heights of the energy barriers EA and 

~Hp. In the limiting case, where EA equals zero, the process of 

chemisorption is non-activated. In this situation the chemical state of 
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4.13 Plot of potential energy vs. reaction coordinate 
for surface adsorption processes. 
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the surface at anytime after a successful collision is controlled by the 

thermodynamics of the surface-adsorbate interaction, and the passage of 

the physisorbed molecule into the chemisorbed state is spontaneo11s 

(172,173,180). 

The value of EA and the rate of adsorption in the Li/S02 system 

was obtained by examining the controlled gas phase reaction at various 

surface temperatures and S02 partial pressures. The rate of adsorption 

as a function of temperature was used directly in the Arrhenius equation 

to obtain the activation energy for the conversion of the physisorbed 

complex to the chemisorbed state. 

4.6 Method for the Determination of the Rate of Reaction 

A number of methods have been used to study the rate of adsorp

tion of gaseous molecules on metal surfaces. Experimentally they can be 

classified into two broad areas: Closed systems (184) and flow through 

systems (185-187). In these experiments the latter was chosen to 

minimize effects from chamber wall adsorption, pressure changes due to 

leakage through flanges and changes due to the continual production of 

active C02 and CO from filaments used to heat the sample block or detect 

the molecules with the quadrapole mass analyzer. The transfer system 

described in Chapter 2 was configured as shown in Figure 4.14. The 

variable leak valve was used to establish a flow of S02 in the system 

and the turbomolecular pump was baffled to decrease its pumping effi

ciency and therefore increase the mean lifetime of the molecules within 

the chamber. 
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4.14 Configuration of the vacuum system for the kinetic 
studies at low surface coverages of 802. 
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The following treatment is a review of the formalisms developed 

by Ehrlich (186). For a constant leak rate and a constant pumping speed 

of any gas, it has been shown (176,187) that a steady state pressure is 

attained so that: 

4.3 

where Sp is the pumping speed of all molecular sinks in cm3 • sec-I, Po 

is the steady state pressure in torr recorded by the quadropole mass 

analyzer and Qo is the mass flow into the pump in torr • cm3 sec-I. 

This equation is derive4 from first principles for a pumping system and 

reflects the fact that at a constant temperature, a constant volume is 

impinged on the orifice of the pump. The number of molecules within 

this volume, Mp, from kinetic molecular theory, is given by the instan-

taneous pressure within the system. From equation 3 it follows that: 

dMp S PoNA 
~ P.-

dt RT 

4.4 

where NA is Avogadrds number (6.02 x 1023 molecules/mole), R is the 

universal gas constant 62362.56 em3 • torr • °K-l • mole- 1 and T is the 

absolute temperature in OK. The right side quotient in equation 4.4 

represents the total number of molecules per cm3 in the chamber at any 

given time. 

If the system is at steady state at any time (i.e. constant 

pressure) it follows that the rate of inlet of molecules through the 

leak must equal the pumping rate at any time: 

dMin 

dt 

dMout 

dt 

4.5 
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where Po is the steady state pressure. At any time during the experiment 

the leak rate does not change because it is dependent only on the 

variable pump inlet orifice size and not on the internal pressure of the 

system. 

Initially, the system is set so that the surface of the sample is 

at equilibrium with the surrounding gas, i.e., there is ~~ adsorp

~ of molecules from the. gas phase. The pressure of the system is 

varied by varying the leak rate as given by equation 4.5. Once steady 

state conditions are achieved, the sample is rapidly scraped clean to 

expose fresh lithium and the surface begins to adsorb molecules at the 

rate discussed in the introduction of this chapter. The pressure at any 

time from the time of the exposure to tam is given directly (176,187) 

by: 

4.6 

where Pt is the pressure at any time t, Po is the initial steady state 

pressure before the exposure of the clean surface, V is the system 

voluum in em3 and St is the new pumping speed in em3 sec-I. The value 

of St at any time is equal to the sum of the volumetric pumping speeds 

of the sample and the baffled turbo pump: 

St = Ssample + Sp 4.7 

In general the volumetric pumping speed of the turbo pump is conatant 

whereas the sample volumetric pumping speed is not. This is because the 

number of available adsorption (i.e., pumping) sites changes as a 

function of time. At lower pressures the rate of change of adsorption 
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sites is slow due to the fact that the collision rate and therefore the 

coverage rate is reduced. The system can therefore be considered to be 

in instantaneous steady state. This condition requires that the mass 

flow into the system be equal to the mass being.pumped by the turbo and 

the sample 

dMin 4.8 -.,. 
dt 

since the inlet rate is constant and is given by equation 4.5 it follows 

and 

rearranging 

dMads 
dt 

Ssample 
dMads 

dt 

Sp • NA (P _ P ) 
RT • 0 t 

4.9 

4.10 

At any time, the rate of adsorption of molecular species m is 

given by the difference in the amount of molecules put into the system 

and the amOunt that appear at the turbo pump, given that all other sur-

faces within the chamber are inert. A careful examination of 

equation 4.10 shows however that the assumption that the system is 

at steady state at all times is valid only if the rate of change of 

pressure within the system is small. Depending on the effective 

coverage of the sample, many of the molecules leaking into the chamber 

are involved only in recharging the system and are not involved in 

either adsorption to the sample or pumping at the turbo pump. Also, the 
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intia1 exposures of the sample will lead to a larger pressure drop than 

expected if the adsorption rate depends only 011 the inlet rate of mo1e-

cu1es. This is because the system itself represents a source of molecu-

1es which are already present and which can ran~om1y collide and react 

with the surface of the sample. The result obtained in equation 4.10 

needs to be corrected for this fact. The number of molecular adsorp-

tions at any time is proportional to the instantaneous pressure: 

Sp • NA • (P - P
t

) 
RT 0 

+ 

The total number of molecules adsorbed at any time is: 

MADS (Po - Pt ) + V ~ ] 
dt 

4.11 

4.12 

The integral in equation 4.12 is solved only if the value of the 

volumetric pumping speed, Sp, for the turbomo1ecular pump is known. This 

value can be determined experimentally using equation 4.6. The value of 

S is described from a In(Po/P) vs. t plot that is obtained from the 

decay of pressure that results when the leak is suddenly terminated in a 

chamber without an active Li sample. This value is a constant providing 

that the area of the pumping orifice is not changed. A plot of pressure 

decay vs. time that is used to determine a volumetric pumping speed is 

given in Figure 4.15 and the resultant In(Po/P) vs. t plot is given in 

4. t6. It is seen that the data tends to deviate from linearity at long 

times and this is due to contributions to the molecules in the chamber 

from desorption from the saturated chamber wall surfaces. This usually 



'
'o 
+' , 
Q) 

'
::l 
cJl 
cJl 
Q) 

'-0. 

source shut 
;I off 

251 

169~----~----~----~----~ 
o 30 60 90 120 

time (sees) 

4.15 Time dependent decay of the pressure in the transfer 
system when the inlet supply of molecules is 
terminated. 



-rf 
'--'" 

c 
-< 

o 1 

4.16 

/ 
/ 

I 

/ 
/ 

/ 

2 3 4 5 6 7 B 9 10 11 12 13 14 
time (sees) 

1n(P /p ) plot for the determination of the inlet rate 
o t of molecules into the vacuum system. 

N 
111 
N 



253 

decreases the observed value of Sp, so gen.erally, only the initial maxi

mum times are used in the calculation. An alternate and probably more 

accurate way of measuring Sp would be achieved if the inlet rate was 

calibrated through an orifice of known conducta~ce. In this case, the 

value of dM/dt would be precisely known at any time and Sp could be 

calculated via equation 4.3 with a high degree of accuracy. 

4.7 Determination of the Sticking Probability 

The sticking probability s is defined (172,173,176,187): 

A· s· Z 4.13 

where A is the area of the adsorbate in cm2 , s is the sticking coef-

ficient or probability that a molecule which has collided with the sur-

face will be retained and Z is the molecular impingement rate given in 

molecules/cm2/sec. The value of dMads/dt is given by equation 4.11 and 

Z is calculated from equation 4.2. Combining all these values with 

equation 4.9, the full expression for the sticking coefficient as a 

function of time results: 

s 4NA 

VRTA 
I Sp • (P L 0 

1 
Pt) + V • .!!!J 

dt 
4.14 

The sticking coefficient (s) is a direct measure of the probabi-

lity of transformation into the chemisorbed state. The value of s at 

any_time is directly connected to and dependent upon the fractional sur-

face coverage at that particular time. As the coverage increases it is 

generally observed that the sticking coefficient will decrease due to 
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two effects (172,173,187). Firstly, the rate of chemisorption is always 

dependent upon the number of open sites on the surface. As these sites 

become covered, even though the impingement rate of molecules on the 

surface is constant, the rate will decrease and ~he sticking coefficient 

will likewise decrease. Secondly, at even low coverages, where site 

competition is not considered to be a significant contributing process, 

the sticking coefficient will drop rapidly from its initial starting 

value, because of a change in the activation energy or heat of 

adsorption of a molecule after the first few molecules which have 

reacted with the surface (172,176). 

In this work the maximum value of the sticking coefficient is of 

interest and has already been used in a previous section to estimate the 

surface coverage of dissociated S02 molecules as a function of time. 

A range of values between .1 and .3 were calculated directly via 

equation 4.14 from the characteristic pressure vs. time curves for a 

series of starting pressures (of which Figure 4.2 is an example). 

4.8 Determination of Rates of Reaction From Characteristic Pressure vs. 
Time Curves for the Formation of the First Dissociative Monolayer, 

Results and Discussion 

A series of pressure ve. time curves for lithium samples scraped 

in a series of different partial pressures of S02 at 297°K is shown in 

Figure 4.17. The curves, which represent responses over two orders of 

magnitude of pressure, are plotted on a common axis (normalized to time 

and pressure) for comparison. All the curves agree qualitatively in 

form but show that the duration of the reaction, as measured by the time 
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it takes the pressure to return to the initial steady state value, is 

inversely proportional to the starting pressure. The relationship bet

ween the pressure and the rate of adsorption is reflected in the reac

tion order. 

All the pressure vs. time curves show an immediate drop in 

pressure of the system upon the scraping and exposure of a fresh Li sur

face. Once this surface is exposed, the sample adsorbs at a rate that 

is determined by the kinetics of the S02 - Li surface interaction and 

the supply of gas phase molecules. The effect is immediate, which indi

cates that the pressure within the system should instantaneously drop to 

a new value determined by the pumping capacity of the lithium surface. 

The experimental results given in Figure 4.17 while showing an initial 

signal drop, also show a gradual leveling off to a minimum pressure, 

contrary to what is expected. This gradual response to the increased 

pumping on the system is observed experimentally in all vacuum systems 

upon initial evacuation and is physically traceable to the system ~ 

constant (176,184,187). There is a finite time for the pumping and 

pressure measuring system to relax and respond to the immediate decrease 

in the pressure that is caused by the loss of molecules from the chamber. 

The system time constant is convolved with each data point in 

the curves given in Figure 4.17. Its relative effect on the shape of 

the-curve at each point depends upon how rapidly the pressure is 

changing at that particular instant. The effect is largest at earlier 

times where the adsorption rate of the sample changes from zero to a 
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significant fraction of the molecules within the system per second 

within a short period of time. Also, since the rate was observed to be 

directly proportional to the pressure, it is expected that the time 

constant will have a larger effect on the shape of the pressure vs. time 

curve for trials at higher pressures. It was observed empirically that 

this limited the usefulness of the flow method to pressures less than 

5 x 10-6 torr. To extend the range of useful pressures it is necessary 

to decrease the volume of the reaction chamber (which is possible), so 

the upper limit of pressure just quoted should not be intepreted as the 

theoretical limit for all applications. 

The value of the system time constant is calculated directly from 

equation 4.6: 

Po' exp [-( 1 ) . t] 
t' 

4.15 

where t' is the system time constant and is equal to the volume of the 

vacuum system divided by the volumetric pumping speed (in liters per 

sec.) of the pumps. Experimentally the value of t' was obtained by 

shutting off the inlet source of molecules (after steady state con-

ditions had been achieved) and monitoring the drop in pressure as a 

function of time. This was the same experiment that was used to deter-

mine the volumetric pumping speed and inlet-outlet rate as a function of 

pressure for the calculation of the reaction rates, as described in sec-

tion 4.6. Since the pressure at any time was known, equation 4.15 was 

used to calculate the value of t' for each temperature regime. The 

values ranged from ca. 1.5 to 2.5 seconds. The spread in the calculated 
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values is due to changes in the value of the volumetric pumpin~ speed 

from the use of different orifice sizes that lead into the tur

bomolecular pump. 

It is known (139,176,187) that at ca. 4.6 time constants, the 

system will be measured at 99.99% of the true pressure value, given that 

the system is responding to an instantaneous change in the number of 

molecules within. Therefore, for times greater than 7-11 seconds the 

pressure readings in Figure 4.17 will be independent of system effects. 

The data was therefore examined in times greater than or equal to these 

values to avoid any instrumental errors. 

The rapid drop and subsequent leveling off of the pressure is 

followed by a brief region where the pressure is approximately constant 

and at a minimum as shown in Figure 4.17. This minimum in pressure, by 

virtue of equation 4.11, represents the point at which the rate of 

adsorption of S02 molecules by the surface is at a maximum. It is also 

the time the initial effects of the instrumental time constant are mini

mal and where the pressure change is proportional to the true rate of 

adsorption process. The minimum pressure points were used in all of the 

rate related calculations in this work. 

The minima in pressure in the curves in Figure 4.17 are all 

followed by a relatively slow and nonlinear rise in pressure up to the 

initial steady state value. The rise is due to the decrease in the rate 

of reaction that results from coverage of the active surface sites. 

Langmuir's original derivation for the dependence of rate on surface 
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coverage (188) is invoked to explain the shape of the pressure vs. time 

curve as the surface becomes passivated. The rate of adsorption, dM/dt 

(in molecules/sec.), as a function of fractional surface coverage, 0, is 

given by the following proportionality: 

f(0) = (1 - 0)X 4.16 

where x represent the number of sites needed per molecular adsorption. 

For a single site non-dissociative process x equals one, whereas, for a 

dissociative chemisorption step, x is the number of atoms from the origi-

na1 molecule that stick to the surface after the dissocation step (x~3 

for S02). 

The theoretical values of the rate, f(0) in equation 4.16, as a 

function of the surface coverage (0), are plotted in Figure 4.18a. The 

reSUlting values have been normalized to 0~1. The open circles (1) are 

the theoretical values of the rate as a function of surface coverage for 

single site adsorption (i.e. x:co1); the open triangles (2) represent the 

theoretical decrease in rate as a function of 0 for a two site dissoca-

tive adsorption; and the dark inverted triangles (3) represent the 

theoretical decrease in the rate with 0 for three site dissociative 

adsorption processes (of which S02 on Li is an example). 

These curves are related to the pressure change in the vacuum 

system via Equation 4.11 which shows that the rate at anytime is propor

tional to Po - Pt or (liP). The plot relating to Figure 4.18a is then 

given in 4.18b where calculated pressures at any time or plotted as a 

rise from the minimum and the entire range of pressure, liP is normalized 
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to Pmax = 1. The dark inverted triangles (3') again represent the 

expected pressure rise in the flow system resulting from site com

petition for a three site dissociative process. The open triangles (2') 

and circles (1') represent theoretical pressure. rises for the same 

reasons, for two site dissociations and single site adsorption processes 

respectively. In comparison with the experimental curves it is evident 

that the curved rise in pressure shown in the r~w data in Figure 4.17 

compares favorable with the model curves for a multisite dissociative 

process (3' in Figure 4.18b). This is what is expected, given the 

mechanistic results derived from the low exposure Auger lineshape. 

The characteristic pressure vs. time curves qualitatively verify 

the fact that the first monolayer formed in the reaction of S02 with Li 

does so via the dissociation of the S02 molecule. The agreement between 

what is calculated from Langmuir's model and the experimentally observed 

results is enough to consider it as evidence for site competition as an 

important contributing factor to the shape of the pressure vs. time as 

the surface reaction nears completion. 

It was useful to integrate the pressure/time plots shown in 

Figure 4.17 for each constant temperature and pressure range. 

Equation 4.11 Was shown to be a direct means by which the rate of reac

tion at each instant can be determined for any of the curves in 

Figure 4.17. These values were digitally summed via equation 4.12 bet

ween 0 and t for each value of the time. The result, after division by 

the sample area, was a tabulation of the amount adsorbed per area (or 
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the surface coverage) at each interval of time. Figure 4.19 gives the 

results of the summations for the series of pressure-time curves shown 

in Figure 4.18 at 297 0 Kelvin. The curves show a constant rapid initial 

rise in surface coverage which then gradually l~vels off to a constant 

value. The final coverage value obtained for each pressure did not show 

any specific trend. This scatter was due directly to the uncertainty in 

the geometric area exposed by the scrape used to calculate the surface 

coverages. For all the determinations between 297 0 and 3S8°K, the total 

apparent surface coverage ranged between .5 and 1.5 which was caused by 

considerable irreproducibility in successive scrape areas at anyone 

particular pressure. The geometric area was an inexact measurement of 

the true area available for adsorption for these samples. 

In the first section on the quantitative results it was shown 

that the dissociated chemisorption reaction preceded to form one 

complete monolayer coverages at pressure less than 10-3 torr. The data 

in Figure 4.19 represents, therefore, a surface reaction process which 

was limited to forming products at the same concentrations, suggesting 

that the curves in this figure could be normalized so that all the final 

surface coverages are equal to one value - one monolayer. Figure 4.20 

gives the results of this normalization process. For the various 

pressure examined in this study, the coverage approached the value of 

one monolayer at a rate (or slope) which showed a direct proportionality 

to the initial startillg pressure of the reaction. 
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The curves shown in Figure 4.20 are sufficiently different from 

the curves in Figure 4.17 from which they were derived that it is worth 

examining and emphasizing the connection between the two sets. The 

coverage (9) vs. time curves in Figure 4.20 are.an integration of the 

pressure va. time curves shown in Figure 4.17. The time scales are 

exactly the same given that the reaction begins with a scraping of the 

surface which corresponds to the initial pressure drop in the pressure

time curves. 

The models commonly applied to gas-metal desorption studies 

however, are derived for, and are applicable only to systems which are 

at equilibrium (172,173,176,187,188). In these studies, as shown in the 

original pressure vs. time curves, the reaction represents a 

~-equilibrium, continuous process up until full monolayer coverage has 

been achieved. An equilibrium condition for a gas-solid system is 

described by having a constant concentration of molecules on the surface 

and the gas-phase such that at any time the rate of desorption of 

surface molecules to the gas phase is equal to the rate of adsorption of 

gas phase molecules on the surface (188). The chemisorption of S02 on 

lithium surfaces was shown to proceed with a dissocation of the molecule 

and subsequent binding of the fragments as ions to the surface. In 

order for a desorption to occur, a third order surface recombination of 

two oxygen atoms and one sulfur atom must happen. This is a slow 

process which is definitely not competitive with the gas-solid 

collisional process 'that initiates adsorption of a molecule to the 
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surface (172,173,187). It has also been shown that'the bonds which are 

formed in this process are ionic and the energy obtained by reforming 

the two covalent S-O bonds does not make up for that lost in breaking 

six lithium-anion ionic bonds and then forming ~ix lithium bonds in a 

covalent metal lattice. This is evidenced in this work by the 

experimental observation that raising the temperature of the lithium 

sample did not cause desorption up to the melting point of the lithium 

(after which considerable bulk-surface mixing occured). This result 

indicates that once an S02 molecule has become dissociatively 

chemisorbed, it is not likely to desorb back into the gas phase. A 

non-equilibrium condition exists so long as there are gas phase 

molecules over the surface of the lithium and bare sites on the surface 

to adsorb them. 

This analysis should not be interpreted as indicating that the 

Li/S02 system does not show isothermal behavior. It is probably true 

that at very low pressures (ca. < 10-10 torr) the rate of desorption 

would become competitive with the rate of adsorption and the equilibrium 

coverage vs. pressure data could be obtained. Using current tech

nology, studies in these pressure regimes are virtually impossible 

without involving high relative levels of contaminants and interferences 

due to competitive reactions from background gases. The results repre

sented by the curves in Figure 4.20 can be considered to be the topmost 

points in a coverage vs. pressure isotherm where the final equilibrium 

coverage is at a maximum for this system given the experimental starting 

pressure and conditions. 
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4.9 The Order of the Dissociation Reaction of S02 on 11 thium with 
Respect to Pressure and the Calculation of the Heterogeneous 

Rate Constants 

For 12!!. surface coverages, the general equation for the rate of 

reaction as a function of pressure is written (L72,176,188) 

dS02ads 

dt 
• ItA '" k· Px 4.17 

where P is the partial pressuye of 802, k is the heterogeneous rate 

constant in molecules sec-1 cm-2 torr-I, A is the normalized surface 

area of the sample and dS02 is the observed rate of adsorption of 802 
dt 

molecules on the surface per second. Ideally, the rate of reaction at 

any time (and pressure) is equal to the instantaneous slope of the 

coverage vs. time curves shown in Figure 4.20. In the previous section, 

when the shape of the pressure vs. time curves (from which those in 4.20 

were derived) were described, it was shown that the earliest rates were 

inaccurately recorded due to the pressure of the instrumental time 

constant. It was also shown, however, that the minimum in the pressure 

vs. time curves correspond to the maximum rate of adsorption and that 

this point was probably unaffected by instrumental parameters. For this 

reason, the value of the rate at this point was used in all the calcula-

tions in this work. This point in time corresponds directly to the 

maximum instantaneous slope of the coverage vs. time curves shown in 

Fi&.'-'re 4.20 for each pressure. This is clearly demonstrated in Figure 

4.21 where the two equivalent curves, pressure vs. time and 0 vs. time, 

are plotted Oll a common time axis. The arrow denotes the point at which 

the rate is at a maximum in both curves. 
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Table 4.3 

Rate Constants and Order of Reaction as a Function of Temperature 

k 
Te Order (mdecs sec-1 cm-2 torr-I) In k 

297 .89 7.05 x 1018 43.4 

315 .60 3.19 x 1016 38.0 

328 .54 1.58 x 106 37.3 

338 .76 8.64 x 1017 41.3 

348 .66 2.35 x 1017 40.0 

358 .71 6.40 x 1017 41.0 
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There was probably some error introduced into the analysis by 

confining the rate to a single value on the 0 vs. t plot. This error 

was less for the low pressures where, by inspection of the experimental 

pressure vs. time curves in Figure 4.17, the ma~imum rate was extended 

for longer periods of time and therefore an average of value was 

obtained. For the higher pressures however, the minimum sometimes 

existed for only one or two digital points. There was more uncertainty 

in the values obtained for these pressures especially where experimental 

and digitization noise contributed to the curves. Despite these 

drawbacks, the values did represent rates where the instrument time 

constant a~d effects from surface site competition were at a minimum, 

and were the best representations to the true rates at the given 

pressures. 

Equation 4.17 was put in a form which was used to calculate 

the order and rate constants for each temperature: 

In(dS02ads/A) 

dt '" In k + x In P 
4.18 

This result suggested that a plot of the maximum rate of 

pressure change vs. the pressure at that point would give a straight 

line whose slope was the order of reaction and whose intercept was the 

natural logarithm of the heterogeneous rate constant. These plots, for 

four representative temperatures, are given in Figure 4.22. The values 

of the rates determined at the minimum pressure, as diagrammed schemati-

cally in Figure 4.21, are plotted vs. the value of the minimum pressure 

at that point. 
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The full complement of results for the least squares c.alcula-

tions of the orders and rate constants at all the experimental tem+ 

peratures is listed in Table 4.3. Both that table and Figure 4.231 show 

a considerable spread in the reaction order with no apparent trend I as a 

function of temperature. Many of the points throughout the plots lie 

on lines determined for a different temperature. These results shc)w 

that there was considerable irreproducibility between isothermal rates 

at different pressures as well as isobaric rates at different tem-I 

peratures. The reaction order with respect to pressure was le.ss than 

one. This indicated that there was a rate-determining step other than a 

unimolecular collision which was governing the observed rate of 

dissociation and adsorption of an S02 molecule to the lithium surface. 

A reaction order not equal to unity has been observed for many 

catalytic and adsorption processes on surfaces (189-192). Th~ firiBt 

explanations of this behavior were put forth by Halsey (193) ~nd Taylor 

(194). In those treatments the surface was described as hete~ogeneous, ---,----
with a non-uniform distribution of reaction sites of differen~ energy. 

This distribution has been shown to result from a surface tha~ exhlibits 

a high degree of roughness on the atomic scale (173). Small qhanges in 

concentrations of sites have experimentally been observed to &ive 

significant changes in the observed rates of adsorption for ~ny 

gas-metal systems (173,180). For the case of a scraped lithi4lll surface, 

roughness on the atomic scale has already been proposed and i~ a 

plausible explanation for the low and scattered reaction ordell: values. 
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Each data point in Figure 4.22 represents a completely new, 

scraped surface. It is evident that, depending upon the specific 

distribution of sites, there can be significant but irreproducible 
. I 

overlap in the calculated rates for each surface trial. This is because 

the rates which are observed by this method are equal to the sums of the 

rates at the energetically different sites on the surface (191,194). By 

varying the relative concentrations of these sites it is possible to 

vary the observed rate within the limits of the rate at the 'fastest' 

and 'slowest' sites. 

It is not expected that a large variation of well defined 

clasaes of sites exist on the surface at any exposure. This follows 

from the fact that as the complexity of the surface (wit~ respect to the 

numbers of different sites) increases, so would the inability to scrape 

two surfaces with equivalent distributions. From the data in 

Figure 4.22, it is evident that except for a few points, the data is 

largely confined to one pressure/time region. This indicates that a 

small number of different classes of sites were determining the reaction 

rate at any time. 

Though it is not possible to identify the contributing sites, 

enough information is available from this work and from previous stu-

dies to speculate on the rate determining step in the reaction that is 

responsible for the reaction order of less than one. The data implies 

that the dissociative chemisorption of S02 on the surface is a 

multistepped process that is initiated after the collision of the gas 
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phase molecule with the s~rface. A sequential process of this type can 

only exist if the 802 molecule becomes initially attached at only ~ 

point. This would allow a precursor state to exist from which the mole

cule can either dissociate and adsorb, or desorb into the gas phase 

(172,173,181). 

Of the different ways and orientations that an 802 molecule can 

be bound to a surface, previous experimental and theoretical results, 

indicate that electron transfer and subsequent bonding initially occurs 

through the sulfur atom (195-198). The first piece of evidence 

supporting this contention comes from a consideration of the 

distribution of electrons over the S02 molecule. The experimental 

results from dipole studies (155) have shown the 802 molecule to be' 

polarized such that the electron density is concentrated mainly around 

the electrons-negative oxygen atoms. As a result, sulfur has a slight 

positive charge (q - +.35). A reduction of the S02 molecule will likely 

place the electron from the lithium surface into a region of low 

electron density in the S02 molecule, which is the sulfur atom. The 

resultant radical anion (64,65,195) is stabilized by the positive 

charge. 

Further evidence that the first reduction and bond formation 

occurs with the sulfur atom lies in a examination of the molecular orbi

tal electronic structure of 802 molecule. Figure 4.23 shows the orbital 

diagram for the 802 molecule that was derived via a self consistent 

field calculation by Koshits and Ionov (159). A reduction of an 802 
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molecule would place an electron into the 2bl lowest unoccupied molecu

lar state which in this case, corresponds to a IT anti bonding orbital. 

The values of the coefficients for the linear combination of atomic 

orbitals derived by Koshits show the 2bl antibonding orbital to be 

mostly sulfur 3p in character. The electron which is transferred in the 

initial reduction is placed in an orbital localized mainly on the sulfur 

atom. 

The third and final piece of information to support the 

hypothesis that the initial electron transfer is via the sulfur atom 

comes from results in studies of the electrochemical reduction of 

dissolved S02 in nonaqueous media. Gardener et al. (65) and 

Geronov et al. (67) have shown that production of the radical anion in 

solution is followed immediately by dimerization to S2042- and bond 

formation through the sulfur atoms. This is a good indication that the 

electron density needed for the formation of the S-S bond is localized 

in the sulfur atoms to begin with. 

The initial one electron reduction step is probably very fast. 

Electrochemical results have shown that the reduction of S02 on inert 

platinum electrodes is fast relative to many organic and inorganic 

systems (65-70). For the S02 - lithium gas-solid reaction the initial 

step leaves a partially reduced S02 molecule that is reversibly and 

electrostatically bound to the surface. In order for the surface to 

retain all parts of the molecule, as the experimental evidence indicates 

it does, the molecule must rearrange itself in the surface so that the 
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oxygen atoms find empty sites to react with. Depending on the surface 

orientation of the molecule this can involve considerable stretching and 

bending of the s-o bond. This process is diagrammed schematically in 

Figure 4.24. The interatomic distance between ~ithium sites (here being 

defined by two uncovered Li atoms) is calculated from Table 4.1 to be 

ca. 4.9 A for a smooth surface. The sulfur-oxygen bond length has been 

experimentally determined to be 1.432 A. It is clear that the bond must 

be stretched 2 to 3 times its length in order for the oxygen atom to 

encounter a free site. For rough surfaces, as diagrammed in parts b 

through d in Figure 4.24, a variety of situations can exist. The total 

adsorption of the S02 is probably rate limited by the ability of the 

molecule to orient itself so that the oxygen atoms are proximate to 

adsorption sites on the surface. 

The hypothesized adsorption steps are summarized by the 

following expression: 

kl k2 k3 
+ • 
+ - S02 ads + - SOads + Li20 + Li2S + Li20 4.19 

In this expression k2 and k3 designate the slow steps. In addition, k2 

is probably the rate-limiting step because once one S-O bond has been 

broken the molecule is in reversibily adsorbed to the surface. This was 

experimentally confirmed by the fact that S-O species were not detected 

as desorption products from the surface. 
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4.24 Model for bond stretching as the rate determining 
step in the adsorption of S02 on Li surfaces. 
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Numerous gas solid reactions lend support to this hypothesis. 

Burk (199) and Ralandin (191) 'have shown similar mechanisms dealing 

with dehydrogenation of aromatics on various metal catalysts. This type 

of mechanism has also been discussed by Eyring for H2 dissociation on 

graphite (200,201), Okamoto for H2 dissociation on Ni (191) and B et ale 

for catalytic hydrogenation of ethylene on nickel surfaces (202). In 

each case the lattice spacing of the surface atoms was shown to be the 

important rate determining step in the adsorption or catalytic reaction. 

To summarize the results in this section, the lithium surface 

has been shown to have sites of diffe~ent energies toward adsorption of 

S02. The relative concentrations of these vary slightly from scrape to 

scrape as evidenced by the spread in the reaction order. The results 

suggest that a multistepped adsorption mechanism is in effect. The 

adsorption of the S02 molecule is probably followed by a one-step 

reduction which binds the molecule to the surface. The bound molecule 

can then follow one of two courses. It can desorb after returning the 

electron to the atoms on the surface or it can orientate itself so that 

it can attach the oxygen atoms to separate sites on the surface and 

continue to dissociate. Once one oxygen atom has been split from the' 

adsorbed S02 molecule, the molecule is effectively committed to full 

adsorption as evidenced by the AES oxygen-to-sulfur ratio deter

minations. 
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4.10 The Activation Energy of Adsorption of S02 on Clean Lithium 
Surfaces tor 0 «I 

The stretching of the s-o bonds of the electrostatically bound 

S02 molecule to form the fully dissociated species is an activated pro-

cess. For S02 on Li, this process is aided by the first reduction which 

places an electron in an anti bonding orbital thereby weakening the S-O 

bond. This effect has also been shown to be of importance on such reac-

tions as N2 adsorption on Fe (181). Doping the Fe surface with alkali 

metal atoms was shown to lower the bond order of the N-N bond via a one-

step reduction so that the activation energy for dissociation was 

reduced from 20 Kcal/mole on clean Fe to nearly zero (181). In the 

system being considered here, two separate steps were needed for both 

oxygens to become adsorbed, so the effect of the initial reduction would 

not be as great. 

The results presented in the last section indicated that the Li 

surface was energetically heterogeneous with respect to sites available 

for S02 adsorption. The rate determined at each separate pressure and 

temperature was the sum of the rates at the various sites. The activa-

tion energy for each reaction is likewise the sum of the activation 

energies at the different surface sites. The overall experimentally 

observed activation energy is also expected to vary as did the reaction 

order. The use of the pressure-time rate data to determine an 

activation energy yields an average value over the total energies that 

are present on the lithium surface. 
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In order to estimate this value several assumptions were made. 

The data in the previous section showed the order of reaction to vary 

between .5 and .89 with no apparent trend with temperature. An average 

value of .69 was used in equation 4.17 to calculate the rate constants 

for each pressure in each temperature set. Furthermore, since the order 

of reactions should not vary as a function of pressure, the specific 

rate constants determined by each scrape (and pressure) in each par-

ticular temperature set were averaged. 

The logarithmic values of the rate constants determined above are 

plotted as a function of the reciprocal temperature in an Arrhenius plot 

in Figure 4.25. It was assumed that the ~ata fit the general form of 

the equation (10): 

In k 
EA 

In A - - • In (l/T) 
R 

4.20 

The error bars in the plot were calculated from the standard deviations 

of the reaction orders determined via equation 4.17 for each 

temperature. The line represents a least squares fit of the data with 

slope of - 1.15 which corresponds to a calculated activation energy of 

2.2 kcal/mole. 

Despite the approaches used to calculate the values of the 

natural logarithms of the heterogeneous rate constants there was still 

considerable variance in the recursive fit. This was particularly true 

of the points in the low temperature end of the plot. A statistical 

analysis was performed on the data to test its validity. The residual 

values of the data obtained by subtracting the experimentally obtained 
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values of the log e of the rate constant from the values calculated from 

the least squares showed that the scatter was evenly divided on both 

sides of the line. There was also no experimental reason to question 

anyone set of the data points so it was impossible to statistically 

eliminate any values. The data shown in Figure 4.25 is considered to be 

representative of a range of activation energies for different surface 

sites, with values between 2 and 5 kcal/mo1e. This range of values for 

an approximate activation energy is reasonable as compared to other 

chemisorption processes where the bond stretching/breaking mechanisms 

were shown to be important (199-202). 

The average value of the activation energy in this work is 

a minimum value. As the surface sites fill, as the reaction progresses, 

the activation energy will rise as shown for most gas-solid systems 

(172,173,180). Furthermore, once the first monolayer has completely 

formed, the activation energy that will be measured will be the energy 

barrier to the flow of ions through the thin Li2S/Li20 layer (see 

below). This value will be much larger than 2-5 kcal/mole as evidenced 

by the larger pressures needed to initiate the formation of the second 

and subsequent overlayer. 

For the first time, the specific ~ that S02 plays in the 

determination of the composition and morphology of the bulk Li/film 

interfacial region has been clearly defined. It is concluded that, 

providing that the Li anode is initially free of surface contaminants, 

the compact lower layer described in the composite model shown in 
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Figure 4.1 will be a chemisorbed monolayer of Li 20 and Li 25 in a two to 

one ratio respectively. 

Average values of the activation energy are of most use in 

comparing the energetics of the Li-802 interacti~n with experimentally 

determined values for the reaction of lithium with other components of 

the Li-802 battery. The biggest competitor for lithium in this battery 

is the organic electrolyte. Using DTA, Dey has calculated the act iva-

tion energy of the reaction of acetonitrile with Li to be 13 kcal/mo1e. 

This value is ca. 3-5 times that of the value determined for 502 in 

the lithium surface. It is clear that upon immersion, reaction and 

subsequent film formation with the highly concentrated dissolved S02 is 

the kinetically and thermodynamically (see Table 1.1) favored pathway. 

This result, coupled with the fact that a surface layer is successively 

formed upon contact explains why S02 is an excellent mediator for the 

CH3CN - lithium reaction. 

4.11 Layer Composition as a Function of S02 Exposure 
Quantitative Results of Higher S02 Coverages at Pressures Greater 

than 10-3 torr 
In the qualitative description of the stepwise construction of 

the Li surface film given in section 4.5, it was observed that the 

sulfur-oxide salt overlayer formed only upon exposure to S02 pressures 

in the mi11itorr range and above. It was further shown that the 

formation of this J.ayer at higher coverages was always preceded by the 

formation of the Li25/Li20 monolayer regardless of the initial starting 

pressure. It was always possible to completely cover the first 
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monolayer at high enough S02 pressures and exp~sure times, so that a 

sulfur (LVV) line shape (which compared favorably to lineshapes obtained 

for solution S02 exposures) was obtained. 

The measurement of the S02 pressure for.the high exposures was 

accomplished using a thermocouple gauge. There was considerable error 

(± 50%) in determining the amount of gas within the system using this 

method of pressure measurement. As a result, the assignment of specific 

Auger line shapes to absolute exposures was difficult and in many cases 

two experimentally equivalent exposures, as recorded via the 

thermocouple gauge, gave different lineshapes. 

There were still some important trends in the quantitative 

results. The most significant of these was the fact that an exposure of 

an Li2/Li20 surface to pressures greater than 1 x 10-3 torr, S02, 

regardless of the time of exposurEl did not always fully mask the 

Li2S/Li20 underlayer to Auger analysis. This was particularly true in 

the pressure region of 1-500 millitorr where long time exposures were 

unable to fully cover the underlayer. On the other hand, atmospheric 

pressure exposures were shown to produce a surface layer whose 

composition varied with time. At short times (t < 15 minutes) 

incomplete formation of the sulfur-oxide layer was observed whereas for 

long exposures (t) 15 minutes), the limiting spectral lineshape was 

ob~ained in all cases. From those observations it was concluded that 

there was no simple relationship between the time and magnitude of high 

pressure exposure and the amount of adsorbed sulfur-oxide species 

detected on the surface. 
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The different behavior observed during the formation of sulfur

oxide overlayer is demonstrated quantitatively using the peak areas of 

the sulfur (LVV) lineshapes recorded for the series high coverages. The 

coverage for the high exposures shown in Figure.4.6 were calculated 

exactly by using the area of the background sulfide peak (where it was 

present) as an internal standard. It was shown that the sulfide layer 

formed to a depth of only one monolayer for which, by virtue of the 

values in Table 4.1, the atomic concentration of sulfur is known. This 

suggested that a digital subtraction of the sulfide line shape from the 

high pressure 502 exposure line shapes would leave a spectrum whose area 

was propotional to the amount of sulfur present in the sulfur oxide 

overlayer at that particular exposure. This remaining area was 

calibrated against the area of the subtracted sulfide peak (for which 

the atomic concentration for o~e monolayer was known) to give the 

absolute atomic concentration of sulfur in the sulfur-oxide overlayer. 

The relative thickness of the overlayer as a function of expo-

sure was estimated using the empirical model derived by 5eah (168). 

He showed that the average monolayer thickness for an adspecies, a, (in 

nanometers), is given by the relationship: 

x 1024 4.21 

where NA is Avogadros number, d is the average density of the layer in 

kg/m3 , m is the number of atolUs per molecule and MW is the average mole

cular weight of the material. Using equation 4.21, the monolayer 
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thickness for a combination Li2S204 and Li2S203 layer was calculated to 

be ca. 2.3 A. From this depth value, and knowing the diameter of the 

electron beam (0.1 mm) the excitation volume for a unit layer of sulfur 

oxide was calculated to be 1. BO x 10-12 cm3• This value represented the 

volume of one monolayer that was being examined by the electron beam and 

which contributes to the total Auger signal. From the value of the 

density of the layer, the number of atoms, AS, of sulfur· per monolayer 

of sulfur oxide was calculated: 
4.22 

1.B grams • 1 mole. 2 moles of sulfur atoms. NA 
cm3 126 gms 1 mole of oxygen atoms 

The resultant value was 3.10 x 1010 atoms of sulfur in the electron beam 

area for a monolayer of a lithium sulfur oxide salt. Using Seah's model 

the inelastic mean free path of a 135 eV S2- Auger electron through the 

sulfur-oxide overlayer was calculated. The empirical value was 

determined to be 4.4 monolayers or 10.12 A. It can be expected 

therefore, that once the sulfur oxide layer has grown for a thickness 

greater than 3-5 times this value, the sulfide Auger peaks will no 

longer be visible and full coverage (indicated by the limiting 

lineshape) will result. 

With this information, the amount and thickness of the sulfur-

oxide layer was calculated from the residual areas; after subtraction of 

the. sulfide peak; for all the high exposure lineshapes shown ill Figure 

4.6. These lineshapes, alOllg with the residual peaks left after the 

digital subtractioll of a common monolayer base sulfide peak are 
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plotted in Figure 4.26. The qualitative results for the subtractions 

are listed in Table 4.4. The normalized sulfide peak was scaled 

arbitrarily between values of 0.75 and 0.9 before the digital 

subtraction so that the resultant lineshapes had approximately the same 

peak locations and relative intensities. This was justified on the 

basis that the actual chemical composition of the sulfur-oxide overlayer 

is independent of the concentration and the S(LVV) lineshapes for all 

the high exposures, less contributions from the sulfide underlayer, 

should be equivalent. 

The results in Table 4.4 and Figure 4.26 were useful in 

understanding the different pressure-time behavior exhibited by the 

growth of the sulfur-oxide overlayer. This behavior was particularly 

evident in the highest presence exposures. The 2.62 x 109 Langmuir 

exposure in Table 4.4 corresponded to an exposure of the sulfide/oxide 

surface to ' 500 milli torr pressure of S02 for ' 95 min. The 

1.92 x 109 Langmuir exposure corresponded to an exposure of the 

sulfide/oxide surface to ' 1 torr of S02 for' 35 minutes. The 

contrasting line shapes for these two exposures are shown in Figure 4.27. 

The 500 millitorr exposure shows vestiges of the sulfide peak visible 

underneath the forming overlayer (at ca. 1.1 monolayers) whereas the 1 

torr exposure ~xhibits the limiting lineshape indicating full coverage 

at-greater than 4.4 monolayers of sulfur oxide. It might be expected 

that the 500 millitorr exposure would yield a thicker layer because the 

active surface sites have been subjected to more collisions from 
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Table 4.4 Experimental Auger Peak Areas and Calculated Values for 
Numbers of Atoms and Thickness of the Sulfur-Oxide Over layer 
(see text for details) 

Effective 
Residual Peak Calculated 

Experimental Area After Over-
SLVV Auger Sulfide Peak Sulfur Atomic Monolayer Layer 

Exposure (L) Peak Area Subtraction Concentrations Coverage Thickness,A 

1.65xl08 736 296 1.71xl01O .55 1.3 

4.95xl08 1184 565 2.32x10 1O .75 1.7 

9.9 xl08 908 318 1.37xl01O .45 1.0 

1. 54x109 1042 534 2.68x10 1O .86 2.0 

2.62xl09 979 567 3.5x1010 1.2 2.8 

1.92xl09 >4.4 )10.12 
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impinging gas phase molecules. The results showed that this was not so, 

proving that single collisional processes were not determining the 

formation of the overlayer. 

This observation points to an alternate-process that may be 

controlling the rate of formation and therefore the ultimate thickness 
= = 

of the 52°4/52°3 layer. The only difference between exposures is the 

difference in pressures used to observe the growth of the overlayer. As 

the equilibrium pressure increased the amount of physisorbed 502 on the 

surface at any time likewise increased. It was observed experimentally 

that the highest surface concentrations of physi~orbed molecules gave 

the thickest chemisorbed layers. 

This effect has been observed for many systems; particularly the 

growth of oxides on other active metals (82). The focal point of the 

explanation for the growth of these multi layers has been the model 

developed by FeIner and Mott (203) and discussed later by Fromm (204). 

Their explanation for the growth of thick passive films is invoked to 

explain the types of behavior observed for high pressure exposures of 

502 on the lithium surface. 

A picture of the surface after the formation of the 

sulfide-oxide layer can now be described at both low and high partial 

pressures of gas above the surface. Once the first monolayer of product 

has formed via a dissociative chemisorption, sulfur dioxide molecules 

can still stick to the surface via a physisorption process 

(172,176,187,185). Physisorption is characterized by long range 
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interactive forces (172) that are .weak compared to the chemical bonds 

formed in the first chemisorption step. A physisorbed molecule can 

easily desorb into the gas phase thus establishing an equilibrium 

between the surface concentration of adsorbed molecules and the amount 

of molecules in the gas phase. The equilibrium surface concentration as 

a function of pressure is given exactly by one of the many theoretical 

isotherms developed for chemisorption processes (176) except that the 

physisorption process is likely not limited to monolayer coverages 

(172,176). 

At any time and pressure there may be a finite amount of S02 

attached to the sulfide-oxide layer formed initially upon chemisorption. 

This layer of weakly bound molecules would be unstable toward the bulk 

lithium (which is only a few Angstroms away) because of the large 

chemical potential difference between Li metal and S02 (see Table 1 in 

the first chapter). In response to this difference the Felner-Mott 

model predicts that electron transport from the bulk 11 through the 

first monolayer (to partially reduce the S02) will occur. An 

equilibrium between the gas phase adsorbed molecules and the bulk 

lithium is established which involves partial separation of charge at 

the surface region. The equilibrium can be written: 

4.23 

Bulk 1st Monolayer Physiadsorbed Molecules 

11 : 11+ + e- : I Li2S/Li20 Layer I 
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This is represented schematically in Figure 4.28a for a low partial 

pressure of S02' It must be realized that although significant con

centrations of electrostatically bonded S02 molecules can exist at 

pressures slightly less than 10-3 torr they wilL never be observed 

spectroscopically. This is because the evacuation of the system prior 

to transfer and analysis by AE8 shifts the equi1brium in equation 4.23 

toward the right resulting in a negligible concentration of physiad

sorbed molecules at the time of spectroscopic analysis. 

Since the surface concentration of physisorbed S02 is dependent 

on the pressure, if the Fe1ner-Mott electron transfer process applies, 

the co\~centration of S02'; radical anions and the ultimate separation of 

charge is like.wise dependent upon the pressure. This is represented 

schematically in Figure 4.28b and c. It is clear that the surface 

region is then equivalent to a capacitor, where the 'plates' in this 

case are separated by the neutral and passive LiZ8/Li20 monolayer that 

was formed in the central chemisorption step. When the model predicts 

that the potential difference between the two layers becomes large 

enough, breakdown and subsequent charge transfer will occur. For the 

formation of these layers the electron affinity of the S02 molecule is 

greater than the bond strength of the lithium ions in the bulk, so that 

oxidation of Li G occurs and Li+ cations undergo subsequent migration. 

Dimerization and disproportionation of the adsorbed radical species will 

occur, giving the 82042-/S2032- mix that is observed as the over1ayer 

composition (203). 
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The Felner-Mott model explains why a 500 mtorr exposure was 

unable to give full coverage of the sulfide-oxide underlayer. At this 

pressure it was impossible to provide enough of a potential gradient 

(from physisorbed S02) to draw enough Li+ ions {rom the bulk to form a 

chemisorbed layer which would cover the underlayer. The overlayer 

formed to the extent such that the resistance provided by the growing 

layer became sufficient to impede further charge transfer. 

The model also explains why atmospheric pressure exposures gave 

different lineshapes. The migration of 11+ ions through the layer is a 

time dependent process which becomes slower and energetically more 

demanding as the layer thickness increases. For an atmospheric pressure 

exposure, which was experimentally shown to eventually provide full 
~ = 

coverage, the 5204/5203 layer grew at a rate proportional to the slow 

diffusion of ions through the boundary across a potential gradient. 

A consequence of the model is that the 1125/Li20 monolayer does 

not impede the formation of the overlayer. The first monolayer 

functions as a temporary barrier to the passage of ions and it is 

reasonable to believe that any ionic layer on the lithium will function 

in a similar capacity. To test this, lithium samples which had grown a 

Li20 layer during exposure to 02 were exposed to the same range of S02 

partial pressures as examined above for the 11 within a monolayer of 

Li25/1120. Analogous to the results obtained for the 112S/Li20 

monolayer, ,it was impossible to observe any sulfur spectroscopically for 

exposures less than lxlO-3 torr. The results for higher exposures are 
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shown in Figure 4.29 for an atmosphere pressure exposure of the Li/Li20 

surface to 802' As predicted by the Felner-Mott model, the composition 

of the overlayer formed ill the oxide was equivalent to that formed on 

the Li25/Li20 monolayer. 

The reason for the presence of the electrolyte and solvent 

species in the upper layer as shown in the composite model in Figure 4.1 

is explained by the ionic flow mechanism. The chemical potential 

differences between the bulk Li metal and the electrolyte solvent are 

not as big as that between LiO and 802, but are still significantly 

large so that a finite concentration of reduced molecules of these 

species will exist near the solution/film interface as the film grows. 

It is expected that these species will react with th~ flowing Li+ ions 

and become incorporated into the film. In addition, the incorporated 

electrolyte/solvent species are expe~ted to show a uniform distribution 

through the entire upper layer of the film. In conclusion, the presence 

of other species within the film as detected by surface analysis of 

actual Li anodes is not suprising in light of the ~~oa1ts obtained from 

the controlled growth of a layer on clean Li using only 802' 

One final aspect of this result may be that analysis of the 

surface regions of the Li film will always give the same composition 

even in a battery environment. If the lithium surface is contaminated 

wi~h an oxide or other layer, it would be difficult to detect by direct 

examination of the over1ayer. This is why many post mortem analyses of 

lithium battery electrodes do not show a clear correlation between 



S LVV 

,.-... 

w -z 

90 112 135 
kinetic energy 

760 torr 
502 on Li20 

760 torr 
502 on 

Li
2
5/ Li

2
0 

157 
eV 

180 

4.29 S(LMM) spectra of the upper layer formed on a 
Li20 surface (top) as compared with the layer 
formed over the Li20/Li

2
S monolayer. 

298 



299 

composition and electrochemical behavior. The first mono1ayers are 

important in determining ionic migration from the bulk and 1a~k of 

chemical knowledge about this region has hindered correlation of 

electrochemical behavior with surface composition. 

4.12 Reaction Kinetics at T) 360 0 K - Mechanistic Information 

The general shape of the expermenta11y determined pressure vs. 

time curves shown in Figure 4.2 and 4.17 remained the same for 

temperatures less than 360 oK. This indicates that the total amount of 

S02 adsorbed on the surface per unit area was approximately the same for 

these ·temperatures. At temperatures greater than 360 0 K however, it was 

observed that there were significant changes in the shape of the curves 

as a function of time. This is illustrated in Figure 4.30a for a series 

of scrapes at different partial pressures at 378°K. Plotted also in 

4.30 part b for comparison, is the pressure vs. time curves for the 

series of scrapes at 297°K seen previously in Figure 4.17. It is 

evident that the duration of the pressure drop due to the sample 

scraping is significantly larger for the higher temperature. 

The significance of this difference is obtained directly from 

equation 4.12 in section 4.9. The total amount adsorbed was determined 

to be a function of the difference in pressure, 6P, summed over time. 

This indicated that the longer the pressure remained lower than the 

initial steady state value, the more S02 the sample was adsorbing. The 

pressure vs. time curves in Figure 4.30a are describing a situation 
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where the lithium sample is reacting to form more than one equivalent 

monolayer of Li28/Li20. 

An analysis of this enhanced absorption indicated that 

significant mixing of the chemisorbed 802 molecule into the bulk was 

occurring. Mechanistically, the Auger spectra taken on these samples 

showed that the 802 molecule was still dissociating into 82- and 02-

anions, thus leading to the conclusion that dissolution was probably via 

the migration of Li atoms toward the surface through an inhomogeneous 

Li28/1120 matrix. 

Evidence to support this model is found in the slope of the 

pressure-time curves at 378°K. For the higher pressures shown in 

Figure 4.30a it was possible to slow the reaction by raising the 

pressure so that the rate of collisions of gas phase molecules with the 

lithium sites competed with the creation of new sites via the migration 

of Li atoms toward the surface. As a result, a thick homogeneous layer 

of Li28/Li20 was quickly formed thereby creating a barrier toward 

further Li atom migration. For exposures at lower pressures, this 

barrier is slowly formed because dissolution of Li28 and Li20 products 

away from the surface 1s the fast reaction, assuring that new surface 

was always exposed to impinging gaseous 802 molecules. 

The physical consequence of" this mechanism was that instead of a 

stable monolayer of 82-/02- being formed on the surface, a thick 

compact, continuous layer was formed at higher temperatures. For a 

battery exposed to these temperatures this translates directly into a 



302 

loss of cell capacity (number of coulombs delivered to the external 

load). Furthermore, the thicker layer may contribute increased 

resistance to charge transfer from the bulk thereby increasing voltage 

delays. 

The results are important in that they are directly applicable in 

defining a useful temperature limit for the construction and operation 

of the Li/S02 cell. It is clear that at 90°C, a full 82°C lower than 

the melting point of the Li electrode, the lithium is in a semi-fluid 

state. The composition of the electrode formed in this state is much 

different than that formed at room temperature which some of the 

discharge problema observed when the cells are used at elevated 

temperatures (50,52,60). It is concluded that the composite model of 

the layer developed at the beginning of the chapter probably does not 

apply to describing the composition of morphology of the fil in actual 

cells at elevated temperatures. 

One additional conclusion that Was realized was that temperature 

accelerated testing of these cells may not be a viable way of predicting 

the effect of storage on the behavior of the batteries. A heated cell 

would be expected to show different behavior than one which is aged at 

or near ambient conditions. Furthermore, the increased mobility of the 

metals at these temperatures have serious implications in studies of 

internal corrosion and ultimate failure of the battery's structural 

components (50). It is probable that Li atoms can move to attack and 
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corrode different internal parts of the battery at temperatures lower 

than the melting point of the lithium anode. 

4.13 Improved Layer Model and Preliminary Electrochemical Results -
Implications for the Li/S02 Battery 

The surface layer formed on clean or oxidized lithium is com-

parable to the film formed in the 11/S02 cell. For reasons given pre-

viously in section 4.2 it is probable that the same first monolayer 

equivalently forms upon exposure to the battery solution. Its com-

position, independent of contaminant levels, should be stoichiometric 

Li2S/Li20. The sulfur oxide overlayer would then form by the 

Felner-Mott mechanism. Because of the large internal cell pressures of 

S02 (2-3 atmospheres), it is expected to be ultimately much thicker than 

seen for the gas phase studies. The thickness of the layers formed in 

the gas phase were probably never greater than 20 - 100 A, whereas for 

films formed in batteries, thicknesses usually range in the 20 - 50 ~m 

region (52). 

Unlike the first monolayer, the composition of the thick 

sulfur-oxide films would not be expected to be exactly the same 

throughout its formation. This follows directly from the fact that the 

formation of the layer via the Felner-Mott mechanism would not show any 

specificity toward S02. This is contrasted with the formation of the 

first layer where the reaction of 11 with S02 is favored mechanistically 

(54,55), thermodynamically (see Table 1.1) and kinetically (see 

section 4.10) over the Li-CH3CN reaction. Once the first monolayer 
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forms however, the interaction of the acetonitrile solvent in a partial 

reduction (analogous to what was observed for S02 in the gas phase) is 

likely, therefore ensuring that the solvent will be chemically 

incorporated .into the film. This behavior appli.es to other battery 

components such as the electrolyte and any contaminants that may 

be present (50). Experimentally, the presence of these species within 

the film has been verified by Anderson (72) using XPS on films formed 

on lithium anodes from real batteries. The relative proportions of the 

different materials that comprise this layer are sensitive to the 

concentrations of the materials within the cell, their relative chemical 

affinity toward Li metal and also their interactive properties with S02. 

Previous lack of effort in understanding and controlling these 

parameters is a reason why it is was difficult to correlate small 

changes in anode composition with large differences in electrochemical 

performance. 

Though it is difficult to predict the precise composition of the 

film formed in the Li/S02 cell, the model and mechanisms developed for 

the gas phase experiment are directly applicable to predicting battery 

behavior. To experimentally examine the affects of the film on the 

electrochemistry of the cell, a Li/S02 battery was constructed (see 

Chapter 2) in a clean argon environment attached to the UHV chamber or 

in -3n argon glove box. It was observed that freshly scraped Li 

electrodes and immersed immediately in freshly prepared S02/CH3CN 

solutions gave the predicted'" 3.00 open circuit potential with a high 

degree of reproducibility. 
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The first point that was considered was to examine the relative 

stability of the films formed in these cells under ambient conditions. 

The Felner-Mott model predicts that the rate of film growth will slow 

with time because the ionic transfer resistance.through the growing 

films is constantly increasing with time. For the large concentrations 

existing in the electrochemical cell due to solution exposures and 

overpressurized dissolved gases, however, the growth of the. film will be 

limited but not stopped. The freshly prepared Li/S02 cells showed good 

short term electrochemical characteristics corresponding to slow passive 

film growth, but poor long term stability, indicative of the consumption 

of the 11 over a period of time. 

The discharge profiles of cells prepared in ~ by scraping Li 

electrodes clean and immersing them immediately into the battery solu

tion are shown in Figure 4.31. Curves a and b of the figure show the 

discharge of the cell through the 10K 0 load immediately after the 

freshly cleaned lithium electrodes have been immersed in the battery 

solution. The discharge of fresh electrodes prepared in these 

experiments consistently showed a flat response at ca. 250 mV below the 

open circuit potential. Curve c of the figure shows the discharge 

profile for an electrode which was scraped, immediately immersed, and 

then left undisturbed for 8 hours before discharge through the same 

10K 0 resistor. Two important differences existed between this result 

and the profiles for the fresh electrodes. First, there was a drop in 

potential from the open circuit value of ca. 500 - 750 mV versus that 
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for the clean Li electrodes. This potential decrease is indicative, as 

shown in Chapter 1, of an ohmic resistance to charge transport. It is 

presumably due to the growth of a thick passive film during the reaction 

between the lithium electrode and the battery e~ectrolyte. These 

effects are further evident in the discharge profiles for electrodes 

soaked for 26 hours shown in curves d and e in the same figure. At 

these times it was also usually confirmed that a thick, black layer had 

formed over the entire lithium anode surface. These results indicate 

that the lithium electrode was slowly becoming fully consumed and 

passivated from reaction with the battery solution. The limiting case 

was embrittlement aud flaking of the film from the metal which was 

observed in these trials for electrodes left in solution for periods of 

one week or longer. The conclusion is that the film which is formed 

upon exposure of the atomically clean lithium electrodes to the battery 

solGtion does not give the system the long term stability that is 

observed for many commercial cells. 

All evidence indicates that there is another chemical component 

that is determining the stability of Li electrodes in the cell. The 

electrodes for these test cells were next prepared in an 02 contaminated 

atmospheres. Freshly scraped lithium electrodes were allowed to sit for 

two days exposed to the glove box atmosphere where they would be likely 

to-getter residual water and oxygen. These electrodes showed enhanced 

stability toward the battery solution indicating that oxygen was indeed 

a stabilizing component. 
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It is probably true that oxygen would make its largest contribu-

tion in the first monolayer. This is because it was shown that the 

overlayer formed via the Felner-Mott scheme, was of the same composition 

regardless of the compositions of the underlaye~. The fact that the 

composition of the overlayer was the same for all these trials, indica

tes that a large part of the different discharge ann storage capabili

ties of the cells was due to differences in the composition of the 

first monolayer. This effect was evidenced electrochemically in the 

discharge profiles of the oxygen-passivated lithium electrodes for which 

an example is shown in Figure 4.32. Unlike the discharge curves seen 

previously, the oyxgen passivated lithium electrodes showed a large loss 

of cell potential due to a voltage delay. The delay was characterized 

by a long rise in potential after connection of the cell to the external 

load. The conclusion is that while an oxygen layer will provide 

chemical stability for the L1 electrode, it has adverse effects on the 

the discharge rates of the cell. 

The electrochemical results indicate that both layers are impor

tant in the electrochemical behavior of the battery. When the film was 

constructed in the absence of contamination, the ionic transfer kinetics 

from the bulk to the solution were fast as evidenced by the sharp rise 

of the voltage at the instant of application of the external load 

(Figure 4.31). This condition was maintained until the overlayer grew 

to a sufficient thickness that resistance to ionic flow became important 

and the barrier for the passage of ions from the bulk Li to the 
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Dolution became excessive. Where the film was grown in the pressure of 

contaminants, the overlayer did not hinder ionic flow. The underlayer 

however, though restricting the total growth of the film, caused a large 

voltage delay. This delay was indicative of an.electrochemically active 

layer on the surface as the discharge cycle proceeded. 



CHAPTER 5 

CONCLUSION 

The reaction products formed on clean lithium surfaces upon 

exposure to S02 gas have been studied through a combination of new 

spectroscopic and vacuum technologies. The valence band Auger spectra 

for oxygen and sulfur were corrected for background due to electron 

energy-loss processes, and instrumental broadening, by a Fast Fourier 

Transform deconvolution algorithm. The results were used to establish 

the mechanism of reaction at each stage of formation of the surface 

layer. The vacuum system described in Chapter 2 was used to study the 

kinetics of the reaction at low surface coverages by monitoring the rate 

of uptake of S02 by the clean Li surface. 

The FFT algorithm was shown to faster than other models 

developed to make the same corrections. The results on standard sulfur 

and oxygen lineshapes for standard materials showed that better 

resolution enhancement was achieved by the FFT over the other methods 

due to the direct removal of the instrumental broadening caused by the 

varying band pass of the energy analyzer. There was also a significant 

improvement in signal-to-noise ratio observed for the FFT deconvolved 

spectra. 

The deconvolved spectra compared favorably with independent 

molecular orbital calculations for the energies of the transitions 
311 
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comprising the spectral features. The more resolved sulfur vale~ce 

spectra were shown to be of most use for quantitative analysis. This 

resulted from less solid state splitting of the centrally located sulfur 

atoms wtthin the molecule. 

The values of the oxygen-to-sulfur peak area ratios for the FFT 

deconvolved standards were shown to agree with the stoichiometric 

proportions of the element~ within each molecule. The peak areas and 

lineshapes were used to establish the mechanism of the S02/Li gas 

surface reaction. It was determined that the first layer formed as the 

result of the dissociation of the S02 molecule on the clean lithium 

surface. The reaction products were Li2S and Li20 in a 2:1 mass ratio 

indicating that the lithium surface had retained all the atoms from the 

dissociated molecule. The peak area ratios (O/S) remained constant and 

consistent with one monolayer coverage as long as the partial pressure 

of S02 was less than 1 millitorr. 

The pressure-time responses observed when lithium surfaces were 

scraped clean in S02 were used to study the kinetics of the formation of 

the first layer at low surface coverages. A mathematical model was 

developed which described the relationship between the pressure-time 

data and the rate of chemisorption of the gas phase S02 to the lithium 

surface. The method was most useful for rate determinations at S02 

partial pressures less than 5 x 10-6 torr. 

The sticking coefficient of S02 on the clean lithium surface was 

determined to be within the range of 0.1 to 0.3. This indicated that a 

specific orientation of the 802 molecule on the Li surface was needed 
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for chemisorption to occur. The reaction order was seen to vary widely 

over the entire range from 0.5 to 1.0. The variation in reaction order 

resulted from the presence of energetically different sites on the 

lithium surface. The activation energy of the reaction of S02 with the 

Li surface at coverages much less than a monolayer was also determined 

to vary between 2.5 and 5.0 kcal/mole for the same reason. The results 

demonstrated that the initial surface layer of lithium electrodes in 

batteries is probably formed through reaction with mostly S021 even 

though other components are present with these cells in comparable 

concentrations. The LilS02 surface reaction is favored kinetically and 

thermodynamically (see Table 1) over other surface reactions possible 

within this battery system. 

At temperatures higher than 85·C the lithium was observed to be 

highly mobile. The pressure-time response observed at these tem

peratures showed that the metal continually absorbed S02 forming a 

multilayered film. The composition of the film was determined 

spectroscopically to be Li2S and Li20. The temperature at which 

detectable migration had occurred was ca •. 90°C below the melting point 

of the lithium metal. It was concluded that the surface of Li 

electrodes in batteries used at elevated temperatures had a different 

chemical composition than those used in cells stored and operated in 

room temperatures. This was proposed as a possible explanation for the 

irreproducible electrochemical behavior and explosive nature of 

batteries used at higher temperatures. 
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Auger lineshape analysis of the products formed at higher 

pressures than 1 millitorr indicated that the composition of the layer 

forming on top of the dissociated monolayer was composed of a 50% 

mixture of 8204 and 8203 molecular species. The two layered structure 

of the film had never before been directly observed. Its existence had 

been postulated on the basis of comparison with other active metal film 

forming mechanisms (52). The higher pressures needed to form the upper 

layer were similar to the results obtained by FeIner and Mott for the 

formation of oxides on titanium surfaces. The upper layer formed as the 

result of the partial reduction of physiadsorbed S02 molecules by charge 

transfer through the first sulfide-oxide monolayer. Ionic flow was 

caused by excessive charge separation at high surface concentrations of 

physiadsorbed S02. 

The growth of the upper layer was examined when the lower layer 

was composed of entirely Li20 by initially exposing the Li surface to 

oxygen. It was shown that the composition of the upper layer was the 

same mixture of 50% 3204/8203 as determined for the layer formed on the 

32-/02- monolayer. This indicated that the molecular composition of 

the upper layer was not dependent on the molecular composition of the 

first monolayer. Previous inability by other researchers to directly 

observe the lower layer is due to the fact that they only analyzed the 

topmost molecular layers of the thick upper layer on lithium electrodes 

(72). 
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The mechanisms describing the formation of the entire layer on 

the Li metal surface were used to explain some electrochemical behaviors 

noted for Li electrodes prepared in clean environments. Freshly cleaned 

Li electrodes showed an open circuit potential of 3.0 volts versus a 

carbon cathode in a CH3CN/LiBr/sat'd 802 solution. These electrodes, 

when discharged immediately, gave flat voltage responses for the entire 

length of the discharge cycle. When the electrodes were cleaned and 

then stored in the battery solution for various lengths of time before 

discharge however, it was possible to observe a loss in cell potential 

and call capacity that was proportional to the length of time of 

exposure before discharge. This was attributed to the growth of an 

abnormally thick sulfur-oxide upper layer. The conclusion was that the 

82-/02- monolayer that forms upon exposure of the clean Li surface to 

802 only, does ~ prevent the complete consumption of the Li electrode 

through continued growth of the upper layer. This is in disagreement 

with former studies which had assumed the long term stability of the 

Li/802 cell was due entirely to the presence of 802 (50,52,59,60). 

Lithium electrodes that were pre-passivated with oxygen did not 

show a significant loss of capacity upon long term exposures to the 

battery solution. It was concluded that the long shelf life exhibited 

by commercially constructed Li/802 batteries was probably due to oxygen 

that had reacted with the surface of the Li electrodes during the 

assembly of the cells. 
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Discharge of the oxygen passivated lithium electrodes showed the 

presence of large voltage delays at initial external load. Since the 

amount of oxygen reacting with the surface of lithium electrodes during 

construction of the commercial batteries is not controlled, some of the 

irreproducible electrochemical characteristics of these batteries are 

probably related to the presence of oxygen adspecies on the electrode 

surface. 

The analysis of the results on the chemistry of the Li/S02 

system presented in this work indicated that the model presently favored 

for the surface film formed on actual cells is probably only 

morphologically correct. It is lacking in its specific chemical 

knowledge on the different layers contributing to the anode film 

structure as well as its ability to be used in predicting the stability 

of the film in actual electrode applications. In addition, the model 

gives no account of the specific roles each battery component plays in 

the construction of the film. It is evident that absence of this 

knowledge has hitherto prevented any understanding for the relationship 

between the structure and chemistry of the anodic film with the observed 

electrochemical behavior of the battery. The simple gas phase approach 

used in this work was useful in describing the specific chemical 

reactions that are governing the formations of the film, the stability 

of the film, and the effect of the chemistry of the film on some simple 

electrochemistry of the battery. In this light, the method must be 

considered a successful approach to the problem of understanding the 

role of the film in the battery system. 
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The results and conclusions presented in this work suggest 

future studies on both the electron spectroscopic data deconvolution 

techniques and the study of layers formed on lithium upon exposure to 

gas phase species. The greatest limit on the use of the Fast Fourier 

Transform Deconvolution method discussed in Chapter 3 is that the 

deconvolution is not useful for energy windows greater than 90 eVe The 

reason for this was because the experimentally recorded response 

function changed as a function of energy and was a poor approximation 

for electron loss processes for larger ranges of energy. The solution 

to this problem would be to record a series of response functions and to 

independently deconvolve the loss and broadening features from separated 

segments of the cascade-corrected Auger spectrum. This method has been 

used successfully in the SIBS algorithm (128). The Fast Fourier 

Transform as applied to this problem would offer the advantages of speed 

and better resolution enhancement for extended energy windows of Auger 

data. 

The kinetics of formation of the lower S2-/02- layer were 

precisely described using the flow method described in Chapter 4. It 

was not possible to monitor the precise rate of formation of the upper 

layer. This was because the pressure changes corresponding to the 

growth of the upper layer were too small to be detected above the large 

background pressure that was needed to initiate its formation by ionic 

flow of species through the first monolayer. A solution to the problem 

would be to study the kinetics of the formation of the upper layer on 

films of lithium deposited on a quartz crystal microbalance. This 
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method would monito~ the small changes in mass per unit time that 

characterize the growth of the upper layer at pressures near and above 

the threshold pressure needed to initiate the reaction. 

The results on the electrochemical experiments showed that the 

composition of both layers comprising the passive film on Li electrodes 

in the Li/S02 battery are important in determining the electrochemical 

characteristics of discharge. A precise study on the effects of 

contaminant levels in the cellon the composition of the passive film 

and the electrochemical behavior of lithium electrodes is suggested. It 

is possible, through selective modification of the relative 

concentration of components in the cell and by controlled modification 

of the Li anode surface, to "tune the system" such that the maximum 

effective storage capabilities are realized, with minimum undesirable 

electrochemical characteristics. A study of this type can be approached 

using the methods outlined in this work. It is possible to selectively 

modify the surface ~ vacuuo using gas dosing in the UHV transfer system 

and then examine the electrochemistry of the electrode in inert 

atmosphere, to quantitate the electrochemical effects of each specific 

modification. This can be repeated for any desired combinations and 

concentrations of battery components, so that the end result would be an 

exact picture of the role each component plays in the stability and 

electrochemical properties of the entire cell. 



APPENDIX A 

Paper published on the surface analysis of the materials in the 

FeSz/Li-Alloy Thermal Battery (Chapter 1). 
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Abstract 

Photo-microscopic, electron-microscopic and surface 

analytical studies have been conducted on Li(Si}/LiCl'KCl/FeSZ 
electrochemical cells oefore and after dischar&e, and on 

individual anode and cathode components. Physical and chemical 

compositional chan&es were observed at both the anodo and 

cathode interface that have sisnificanco in the discharge 

mechanism. Oxycen-rich specios were found at tho surface of 

the FeS 2 cathode particles and misration of sulfur away from 

the cathode during discharge was also observed. Thermal-shock 

of FeS2 sinale crystals confirmed the tendency for sulfur to 

move away from the bulk with the application of heat to the 

surface. Exposure of the Li(Si} alloy to atmosphere and/or 

thermal shock resulted in the formation of a lithium-rich 

surface in the carbonate or oxide form. These findinss have 

Significance to battery systems that must be stored for Ions 

time periods, as well a~ the possible source of resistive 

interfaces in charge and discharge cycles. 
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Introduction 

The Li/FeS 2 primary and Li/FeS secondary batteries are the 

subject of intense research in sovoral laboratories. (1-6) Primary 

batta;y app!!~ntions require that the anode (Li alloys) and the 

cathode (pelletized FeS Z) be separated by an electrolyte-binder (EB) 

layer with no membrane separator betweon them.(l} Stacks of these 

pelletized cells are placed in series to produce the desired operating 

voltage and the diameter is varied to yield the desired current drain. 

When operating as a primary power source, the cells normally sit in 

an inactive state until heated to operating temperatures greater 

than the melting point of the electrolyte, in times on the order of 

seconds (or less). Optimization of the operation of these batteries 

and development of design criteria for future high enerar density 

batteries, must be preceded by a better understanding of ,the chemical 

and electrochemical reactions which proceed at each interface. To 

this end, we have conducted several studies on intac,t single cells 

and on individual anode, cathode, and electrolyte components. A 

typical single cell is discharged at variable currents from 0.1 to 

1.0 A producing a cell voltage of 1.S V to 1.9 V for reriods from 

minutes to hours using previously described techniques.(l! Those 

discharaes do not normally consume the entire power capacity of th~ 

materials within each cell. 

In this paper, we report on the correlation of electron micro

scopic, photomicroscopic, and various electron spectroscopic surf~ce 

analysis data to the study of the Li(Si} alloy/electrolyte-binder 

interface and the FeSZ/electrolyte-binder interface from sina1e cells 

and battery discharaes. Miaration of components from both anode 

and cathode durina heat ina and discharge 
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is noted. Surface analysis of discrete anode and cathode components, 

and standard materials confirm many of these migration processes. 

Experimental Section 

The materials used for single cell testing were typical battery 

compositions. (4) The anode pellet was made from a Li(Si) alloy of 

40 or 4S wlo Li. Standard particle size was 16 to 4ZZ ~m (-40 to 

+200 mesh) yielding 2 typical pellet density of 1.0 g/cm3• 

The electrolyte-binder (EB) pellet, used to separate th~ anode 

and cathode, was composed of a LiCt'KCl eutectic (45/55 w/o) and a 

MiO binder (Maglite 5, Merck Chemical Co., San Francisco, CA). The 

finely divided MgO acts to immobilize the electrolyte when melted 

but does not react with either the anode or cathode. The mixture 

was composed of 10 wlo electrolyte and 30 wlo binder and formed to 

a density of about 1.7 i/cm3. 

The cathode powder was 64 wlo FeSZ' 16 wlo LiCl·KCl eutectic 

electrolyte, and 20 wlo EB. The EB used in the cathode was lZ wlo 

Si02 binder and 88 wlo LiCl'KCt eutectic. FeSZ was readily available 

as granular iron pyrite obtained froD Matheson, Coleman, and Bell 

Manufacturing Co., Norwood, OH, with a particle size less than 

295 um (50 mesh). Pellets were formed to a density of 2.6 ~/cm3. 

To assemble a cell, the pellets were stacked around a centering 

post and sandwiched between two stainless steel discs used a~ current 

collectors. The assembled cells were then placed between preheated 

platens to melt the electrolyte, and discharged for various times 
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and at vat:ious temperatu~es and current densities on Il standard 

sinale ce~l tester.(6) 

For lIIicroscopic stuldie5. discharged cells were broken through 

the cente~' and the exposled interface was smoothed '11th 1ncreas1ngly 

finer sancj.paper. Optic~l examination before and after sanding showed 

that the ~ntegrity of t~e diffused material was preserved. Cells 

from any ~1ven series o~ discharaes were assembled as a unit and 

examined ~imultaneously lunder both the optical and the scannini 

electron ~icroscopes. 1~e interfaces of particular interest in this 

study invplve the electl~ochemic:ally active Li(Si) anode and FeSZ 

cathode with LiCL·KCL ellectrolyte and MaO binder (all I ma thickness). 

All ,experimental al1paratus except the Auger-electron and x-ray 

photoelectron spec:trome1,ters was located in a "dry 1'0011" facility with 

an atmosphere containing less than 300 ppll water. This unique feature 

Allows cells to be prep~red. discharied. and microscopically examined 

in a rell\tively water-flree environment. 

The scanning electron microscope is an International ~cientific: . 
InstrumelJts Model Supelr III-A with a resolution of 70 A. Samples 

were exa~lined under a 1100 I1A beam current with a 30 XeV accelerating 

voltaie. The electron probe lIicroanalysis (EM) usin" enerllY 

dispersive x-ray spectl'loscoPY was performed with II Princeton Gamma

Tech XCE~-IOOO analyze~. The analyzer used a lithium-drifted silicon 

detector with a measureid resolution of 153 eV and 1000 counts/sec at 

5.9 leV. For the elem'lnul analys15. samples were examined under 

3000X ma~nification e~,osini a surface area of 0.03 mm Z• The spectra 

were collected for 30 Iloconds froll fl.ve different spots on each pellet 
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and then averaged. To quantify the amount of a given element, 

window integrals were used to measure x-ray counts; the number of 

counts being proporational to the amount of an element. The x-rays 

emitted by the element within a given energy range or window were 

first counted. The number of x-rays in a background window were 

simultaneously counted; the background window being selected to 

have the same width and close to the same energy as the elemental 

window but not cOlltaining any x-rays from the element. The elemental 

x-rays were then divided by the background x-rays resulting in a 

unitless ratio (S/So and Fe/Feo)_ The ratio reflects an atomic 

intensity uncorrected for the fluorescence atomic sensitivity. 

The Auger electron spectroscopy (AES) data was taken with a 

PhYSical Electronics Auger system with a single-pass. cylindrical 

mirror analyzer. For a typical spectrum. the electron gun was 

operated at 2 kV and 5-20 ~A and a beam diameter of c.a. 0.1 mm was 

maintained. The pressure was maintained at 5 x 10-10 Torr. The 

cells were broken in a glove box in high purity argon and transferred 

quickly to the high vacuum chamber. Careful microscopic examination 

indicated no visible signs of contamination. This observation is 

supported by the fact that little or no carbon was observed in the 

AES spectra. Carbon peaks are typical of most contamination. 

X-ray photoelectron spectroscopy (XPS) data were taken from 

a CCA McPherson ESCA 36 Photoelectron Spectrometer using a 1270 

electrostatic deflector as an electron analyzer. The x-ray source 

emitted Mgl~ radiation (1253.6 eV). The spectrometer was interfaced 

to a PDP 8/e minicomputer. which provided summation average of the 

spectra as well as digital control of the analyzer. For all the 

spectra obtained. preSSure was maintained in the 10- 7 to 10-8 Torr 

range. 
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Results and Discussion 

A. Photomicroscopic and Electron Microscopic Studies 

Figure 1 illustrates a typical voltaie-time dependence of a 

sinile cell discharged at 100 mA/cm 2 and S20·C. Curve (a) is the 

total cell potential while curve (b) is the anode-to-reference 

potential and curve ec) is the cathode-to-reference potential. From 

these data, the following reproducible features are noted. A positive 

voltage excursion is observed during the first minute (seconds) of 

discharge followed by a nearly constant voltage response of 1.5 to 1.6 

volts for the next several minutes. A decline in operating voltage 

is observed after about 20 min. for anodes of this composition (i.e., 

approximately 4S w/o). Small voltage changes observed during discharge 

have been shown to be due to compOSitional changes of the lithium 

alloy.(3,4,25) Polarization of the cathode is responsible for the 

steadily declining potential after about 30 min. of discharge. 

Finally, the sharp decline in cell voltage occurs when the anode 

can no longer support the current drawn, i.e., at about 8S' of 

theoretical Li capacity. However,. batteries built with these cells 

and tested at this current density typically experience end of life 

due to the internal temperature cooling to <352'C, normally expending 

less than 50t of the lithium capacity. 

Significant compOSitional changes at the anode/electrolyte 

interface and at the cathode/electrolyte interface were 

indicated by study of the photomicrographs of cross-sectioned, 

discharged single cells. Figure 2 shows the photomicrographs of 

three sinsle cells which were, a) held at open circuit for 2 minutes, 
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b) discharged at 0.25 A for 20 minutes, and c) discharged at 0.25 A 

for 80 minutes--all at 520·C. 

Several features were evident in all photomicroscopy studies. 

These are summarized as fOllows: 1) A significant change in color 

and morphology was observed for the anode at the electrolyte inter

face following discharge, 2) The FeS2 particles which comprise the 

cathode material, undergo an apparent phase transformation at their 

outer perimeter. The transformation is dependent upon the extent 

of discharge of the single cell, and the temperature of the discharge; 

3) A new phase appears as a layer in the electrolyte-binder (EB) 

region following discharge. The thickness of this layer and its 

proximity to the anode is a complex function of the discharge current, 

temperature, and voltage. This layer can be seen in the center of 

Figures 2b and 2c. From these photomicrographic studies, it was 

apparent that stoichiometric changes were occurring at each interface 

which may have significance for the perfornance of these and other 

lithium-metal sulfide batteries. 

Electron microscopic studies of similarly discharged cells were 

conducted to further study the changes noted above. Figure 3 

shows three photomicrographs and the corresponding x-ray fluorescence 

dot maps for sulfur (Ka radiation excited at 25 KeV) as a function 

of discharge temperature, from 440·C to 600·C. The new, phase in the 

EB layer is transformed from a discrete band to more dispersed linear 

regions of new material as the discharge temperature Incr~as~~, The 

sulfur density maps show the movement of sulfur from the cathode 

region into the EB layer. Iron (Fe, Ka) was also detected by 

the XRF method, in the same region as sulfur. Tables 1 and 2 
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give more information on the stoichiometric changes undergone at 

the cathode/EB interface. Table I shows the relative increase of 

both sulfur and iron in the EB layer as a function of discharge 

time. Table 2 shows the relative increase in each element with 

increasing discharge temperature. In all cases the concentrations 

of sulfur and iron show increases of a factor of two to four by 

increasing either time or temperature of discharge. 

T~~ and x-ray analysis of the portions of the sulfur-rich phase 

in the EB layer of cells discharged under high current drain have 

indicated the presence of lithium sulfide and an Fe containing 

phase. 

Further studies of compositional changes at the anode and 

cathode/electrolyte interfaces were carried out using Auger electron 

s~ectroscopy (AES). AES spectra were recorded on a point-by-point 

basis as a function of lateral position on non-discharged and dis

charged single cells and then compared with electron micrographs 

of similar regions of the single cell. The computation of relative 

atomic ratios for certain elements as a function of distance is. 

shown in Figure 4. We have recorded the sensitivity-corrected 

intensity of each eleaent as a relative atomic ratio with respect 

to chlorine. Analysis of the data in this fashion removed Many of 

the uncertainties in the relationship between intensity of the Auger 

sisnal and real concentration of the element.(7) Chlorine was an 

ubiquitous component of each single cell. The cathode pellets are 

a mixture of FeS2 and the LiCL·KCl eutectic, the EB layer is composed 

mainly of that same eutectic, and chlorine 1s found throughout the 
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anodes of cells heated to high temperatures. Fluctuations of the 

elements noted below are not due to large changes in the chlorine 

AES intensity as this intensity remained reasonably constant. 

Figure 4a shows the Fe (LMM), S (LMM), and Si (LMM) line profiles 

for a cell heated to 520·C, but not discharged. There was some varia

tion in the iron and sulfur relative atomic ratios in the cathode 

layer. Concentrations of iron and sulfur were also detected at the 

EB interface. It is worth noting that the relative atomic ratio for 

silicon at the anode/EB interface increases as a function of distance 

away from that interface. Since the LilCl ratio remained constant in 

this same region, we conclude that some depletion of silicon occurred 

at the anode/EB interface. The lowering of the silicon content was 

not due to wetting of the LiCSi) alloy by the LiCl/KCl eutectic. 

These results are corroborated by other surface analysis studies pre

sented below. Figure 4b shows similar data for a sinRle cell dis

charged at 520·C for 20 minutes at 1.0 A. The line profiles for this 

cell clearly show the migration of both sulfur. and iron away from the 

cathode/EB interface. This observation was made several time~ on 

different locations along the plane of the single cell, thus it is 

clearly not an artifact of the fracture procedure. These results con

firm the presence of SUlfur and of iron in the EB layer al seen by 

electron microprobe techniques. FiiUre 4b also confirms the depletion 

of silicon from the anode/EB interface. It 15 not yet clear whether 

this depletion is directly related to the morphological changes ob

served in the photomicrographs of the anodes which have been heavily 

di5charged~ 
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B. Surface Analysis of Individual Anode and Cathode Components 

The discharge behavior of the lithium/silicon-iron disulfide 

primQry batteries is obviously complicated by a variety of morpho

logical and compositional changes. X-ray photoelectron spectro

scopy (XPS) and AES, with ion-benm depth profiling, were conducted 

on the separate anode and cathode materials to help in the 

elucidation of these changes. 

1. XPS/AES Studies of the Iron Disulfide Cathode Materials 

The XPS data obtained for the powdered and single crystal iron 

sulfides and related standard materials is shown in Figures 5 and 6. 

Of particular interest is the comparison of the surface compositions 

of the various FeSZ .. terials. Figure 5 shows changes in the 

Fe(Zp, lIZ, 3/Z) peaks of a sample which was synthesized in our 

laboratory and a commercial FeSZ sample. Larger amounts of oxygen 

are present on the surfaces of the commercial samples. Examination 

of the sulfur (2s) or (2p) peaks in Figure 6 indicate th~ the sulfur 

exists in the form of S04 Z- anions (perhaps S03 - anions) in -addition 

to the sulfide form~)on the commercial FeSz. Further evidence of the 

different surface features of the two FeSZ samples lie in the existence 

of energy-loss peaks of the Fe(2p) transitions of the commercial 

sample. These peaks indicate the probable presence of FeCIII) on the 

surface material.(9) It is possible that oxygen is bonded directly to 

iron in both the FeD and Fe Z03 forms, as well as in iron sulfates on the 

commercial FeS Z' The presence of oxygen-rich materials in the cathode 
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may lead to a positive voltase excursion in the initial stages of priaary 

cell discharse (6). This voltaae excursion (as shown in FiaurD 1) is 

,,!nimized by using cathode .... uri.1s that are oxygen-fre., IJId by dis

charsins in IJI oxygen-free atlOOsphu. (Z2). 

An AES nudy was perfol'llld on 1 ... s lic .. of sinsle CT)'stals of 

natural FeSZ (not polished) to obtain a comparison of surface composition 

with the XPS data, a depth profile of the crystal, IJId information on the 

IOOvement of species throush the lauice at the hiSh operatinll temperatures 

normally found in the battery durini discharce • 5inile crystal FeSZ was 

selected for study as a matter of convenience. It is known that the dis-

charse behavior of sinsle cells u51na 51n,lo crystal FeSZ cathodes is 

very siailor in its initial 'tales to the behavior observed usins pelletized 

FeSZ particles (6). The surface compositional chlJlies observed at the 

FeSZ sinale CT)'nal surface CIJI be extrapolated to those observed in the 

smaller particles. 

The AES surface spectra of tho FeS2 surface showed adventiciously 

adsorbed carbon and oxygen IJId no other ilOpurities. Brief ion-sputtering 

removed these absorbed •• urials and left. surface with an 5/Fe4'atio 

of 0.63. This number is corrected for ionization cross section, but does 

not reflect the true stoichioaetry because of the IDIcertaintie. in such 

numbers for both the major sulfur IJId iron Au,er transitions. An electron 

beUl heater was used to thenl&l1y shock the FeSZ samples whUe Itill 1n 

ultra-hiah vac\lUl1l. Fieure 6 show. the resulu of an ill/depth profUe, 

before IJId after tre&tllOtlt of the FeSz surface with a 2 W electronbealll 

for 30 sec. followina tho application of tho thermal shock, a 
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larie increase in the 5/Fe ratio (~ 2.0) was observed, consistent with the 

miiration of sulfur away froa the FeS2 matrix. Followini several thousand 

seconds of ion spunerins, the orillinal surface composition was achieved. 

5EM/EM analysis of the thermally shocked FeS2 samples confirmed 

che IIIOrpholollical and chemical chanC" inllicated by che AES studi... A 

distinct separation of phases was indicated fo11owin& thermal shock. X-ray 

fluorescence point analysis indicated a sulfur-rich non-hollOieneous lAyer 

on the surface of the crystal (extendini to depths of up to 1 \lm), and a 

sulfur-deficient layer underlying. X-ray diffraction of the underlyinc 

layer showed it to be aainly FeSO•9 (pyrrhotite). The formation of this 

phase by simple application of heat is duscussed below with reiud to 

compositional chances in the prill&ry battery. 

Further studies have shown that prolonaad helltin& (l:Teuer than one 

minute) under the conditions in FiJi:Uro 6 further increased the 51 Fe ratio 

on the sinale crystal surface. El.cuon-beu h.atina of the sample WIder 

conditions suffiCient to caus. desorption of sulfur froll che surface 

while at about 10- 9 Torr caused. decrease of the .surface S/Fe 

ratio back to level that were seen on the unheated surface. 

These experiments are described in 1I0re detail elsewhere (~). 

2. XPS/AES Studies of Anod. Materials 

XPS spectra wore obtained fro. "'0 wlo Li (Si) alloy and 45 wlo L1 (51\ 

alloy, and lithiUIII/sUicon alloYI which had been exposed to atmosphere. 

The carbon (15) spectra (as 1n FiJi:UTG 7c) indicated the presenco of two 

foras of carbon on the surface of the L1 CSi) alloy. This was the case for 

all lithium metal samples oxaain.d. Tho laraer peak at lower bindina 

enerllY (charce shift corrected to 284.4 eV ('ll. was attributed"'to hydro-
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carbon contamination of the XPS vacuum syste". Comparison of the C (15) 

peaks of the alloy to the Li 2C0
3 

standard indicated that the rest of the 

alloy surface carbon was probably present as tho carbonate species. M 

discu"ed below, this contaminant was not observed in the AES experiments 

conducted in a cleaner vacUUIII. It does illply, however, that the carbonato 

will be a contaminant on sAllples exposed to normal battery assembly 

atlllOspheres. 

In attempting to record XPS spectra of LiCSi) alloy sa=ples 

which had been exposed to atmosphere for long times (10-24 hours) 

we discovered an interesting technique for examining a freshly 

exposed Li(Si) alloy surface. Spectra shown in Fig. 7a, show the 

C(ls), Si(2s) and Li(ls) regions for surfaces which were at=os

pherically exposed for 10 hours, loaded into the XPS system, and 

then had the fresh ti/Si surface exposed Just prior to analysis 

by physical removal of the passive layer which forms on these 

materials. Fig. 7b spectra were obtained for the same spectral 

regions on a sample which had been fresh-fractured under argon 

and then atmospherically exposed for 1-5 minutes prior to loading 

in the spectrometer. Spectra illustrated in Fig. 7c are for a 

sample fractured and loaded in atmosphere. Co=pariso~of Figs. 

7a, band c, indicated that carbona-te buildup on the alloy surface 

is slow at 10- 7 Torr, but still appreciable over the 24 hours re

quired to achieve operatiug vacuum. It appears that the first 

few monolayer. were added very quicklY (les5 than a few minutes). 

Subsequent buildup probably follows an isotherm dependence as 

observed for other active metal •• 

The S(2s) spectrum in Figure 7c showed that no detectable 

silicon was present on the strongly passivated alloys. Since . 
the escape depth of the Si(2.) electron is about 20-35 A in 

most solids, this lack of a silicon signal implies a 
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· silicon-depleted layer of at least 50-100 A (12. 27). Tho freshly exposed 

surfaces showed hiaher concentrations of silicon. ACina studies discussed 

below indicate the seereiation of lithiUII and silicon durina passivation 

of the surface. 

The Li(ls) spectrum of the freshly exposed Li/Si surface 

is shown in Fig. 7a. The pristine nature of this surfece was 

confirmed by the appearance of only one Li(ls) peak due to 

lithium metal (13). On those samples which have been partially 

passivated. two Li(l.) peaks are observed (Figs. 7b and 7c). 

One might expect that only ionic lithium. with a higher LiCls) 

binding energy. would be observed on these samples. Previous 

studies have shown the reduction of ionic lithiUII coapounds to m.tallic 

lithiUII by the X-ray source (11). Two forras of lithillll are always observed 

in an XPS spectrulO of any lithiUII salt. Flaures 7b and 7e show &1\ ionic 

lithium whose concentration rouahly correlates to the enent of pusiva

tion. Further studies of the kinetics of x-ray photoreduction of these 

coapounds and the kinetics of surface passivat.ion are underway (14). 

In studies conducted thus far. no evidence of the fomatiou. of 

Li3N on the LitSi surface has been observed. N(1s) sianal intensities 

were below detectable li.its. Althouah nitrolen wUl react with lithium 

at. roo .. temperature (15). the reaction is too slow to effectively compete 

with reactions of the metal with CO2, "20' and 02' Furthel"llOre, L13N 

decomposes in the presence of "20 to form Li20 and NH3 (16). 

Fiaure shows the AES spectrum of a typical LitSi alloy (45 \). 

The surface of this material (Fli. 8a ) showed only lithium, oxyaen 

and' traces of carbon and silicon in the spectrum. The low levels of 

silicon are consistent with the XPS data; the absenco of carbon is 

likely due to the fact that these materials were freshly fractured 
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under hiih purity ar,ion and loaded into the AES, UHV system directly. 

An expanded AES spectrum indicated that the procis. GnerlY position and 

intens! ty of the 11 thiUlli Au"er transitions are stronSly dependent upon 

chemical form and matrix (17-21), but our data clearly indicate no 

""tallic lithium on the surface (21). Lithi .... don not posselS sufficient 

core electron. to underio an intra-atomic. AUier ioniution. The detected 

electron must be donated by neiihborins atolO.; thus several Auger transi

tion. are possible, depending on the anarlY levels of the electron. 

in the neiahborini atolllS (18). These AES spectra show transitions con

sistent with lithium in a fully oxidized fona (17). 

Followin" extensive ion-sputterin ••• lar"er silicon peak appeared 

(Si/Li • 0.26, Fisure Sb). The alloy stoichiOllletry vas stUI not achieved 

even after prolonsed sputterins. lie feel that the heat in. caused by 

tho incident ion bo .. is also :responsiblo for inltlatlnl allT'tlon of tho 

lithi .... away fro .. the bulk elloy (see below). Tho continued presence of 

oXYien on the extensively sputtered surface is punl1nl. The bulk cocpo

.ition of the alloy does not indicate epprecieble oxyaen present (22). 

When the .ample in Fisure 8 was exposed to laboratory atDosphere for about 

10 lOinutes, and then reanalyzed, the sj:,c:tl"Ulll in Fi&ure 8c vas obtaJ.ned. 

Note the disappearance of silicon in favor of increased llthiua and oxyaen 

intensities. This a"ain dflllonstrates the effect of atllOspheric passiva

tion on these aUoys. 

To approximate tho conditions non by tho freshly exposed anode· 

surface in the hl,h-temperature battery environment, a series of experi

IIODti .. ere conducted where an ion-sputtered alloy vas subje-c:ted to thel'1ll&l 

.hock us1n, an electron-bombardment heater. The alloy .urface v •• ion 

sputtered until appreciable silicon was present (Si/Li • 0.14, luilar 
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to FiiUre Be). The surface was then sObjected to a-ba ... heatin, of 

watt for I minute and the silicon dropped to bel.,.. dotection limits. 

Clearly, heatina of tho sample cawed aiaration of the lithiUOl away 

from the silicon as was the case for atmospheric passivation. Diffusion 

ot Li into p-type s1nllle crystals of silicon at hillh tamperaturo. has 

been reported previowly (23), supporting this hypothesis. 

Discussion 

The microscopic elt&llination of the cathode and anode uter1als 

before and after discharlle lead to the observations that, a) the FeS2 

panicle underlloes a chemical and physical chanae at its surface which 

likely leads to the miaration of a ~ulfur-rich layer into the EB res ion 

of the sin,le-cen; b) there is a color chana. and a aorpholoaical 

chan,_ in the Ll/Sl anode during discharlle .. hich is likely due to a 

chaicd coapositional chanae. Thh cOlllpOsitional chanlle is possibly 

due to the miaration of lithium away froa the anode bulk, as shown by 

A£S studies. The A£S/XPS experiments on the individual cOlllpOnenu show 

that a) there is a sianificant concentration of oXYlLen-rich species on the 

surface on the FeS2 cathode; b) that thermal shock of the cathodo uurial 

had. to a aiaration of sulfur .... y froa the bulk and le.vOl a sub

stoichiometric iron sulfide behind; c) a passive oxide/carbonate fUa 

fonos on the Li/Si surface followinll exposure to ataosphero and d) that 

aUlOspheric passivation and/or thermal shock of the anode uurial 

leaves an anode surfaco that is rich in ionic lithiua. 

Oxide-rich fonu of sulfur and iron on the cathode surface aay 

be responsiblo for the initial voltale excursion .een in the cathod. 
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durinl sinal. cell discharse. The voltage excursion correlates with the 

panicle she ~ed in the cathode pellet (6). Smaller cathode particles 

lead to a larger voltage excursion .. hich is consistent with their hiaher 

oxide content. Depletion of the oxide-rich l.yer le.ds eventually to • 

more constant discharge voltalle. 

Thermal or electrochemical migration of sulfur .... y from the c.thode 

.... teri.l is not unexpected -- especi.lly at the operatinll temperature .of 

the thermal b.ttery system. Thermsl loss of sulfur can cause serious 

problems in the poisonina of current collectors and unwanted reaction 

directly with the anode aaterial. In tho event that recharllinl is 

desired, this loss of volatile sulfur will result in lower charle/dis

charlle c.pacity. The mijlration of sulfide from the cathode can be 

understood in tel'lllS of the mijlrotion of aU anions toward that anode (24). 

a •• son. for the mijlration of iron are less obvious and nay be due to the forma. 

tion of a non-stoichiometric iron, sulfur, potassium, lithium complex. 

An X-phase (Lile5z) and a J-phase (LiJ(6Fe245Z6CI) h.ve been identified 

in discharlled U/Fe52 batteries foUowinll coolinll (4). Counterinll ~he 

"",vemont of sulfide is the precipitation of a lithium-sulfur salt in 

the EB layer. Any precipitation of this type lIeans the removal of 

current carrying ions from the electrolyte and an addition to the internal 

cell resistance if the precipitate has low solubility at the operating 

temperature of the battery. 

Hovellent of 11 thiUli at the anode surface can lead to increased 

resistance toward charlle transfer when this aijlration occurs with the 

fonution of • passive odde or carbon.te layer. Loss of lithium from 
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the anode interface has also boen observed through the reduction of the 

adjacent IXl to metallic potassium, "hich can volatilize to another part 

of tho sealed battery (1). This type of lithium movement "ould result 

in decreased discharlle capacity at tho anode surfaco. Tho kinetics of 

lIisration processes at the anodelEB interface are currently under investi

gation (14). 

Further experiments ,,111 study the significance of each of these 

complications in individual half-cell.. At the high temperatures of 

cell operation, the resistance to current flow represented by the reactions 

noted above may not be restrictive to tho near optimull perfoTllWlcD of 

these batteries. If storase of the battery is required before use 

(especially in adverse environments). or if extended use is required, 

such as long discharge Or several charge and discharge cycles, 

then these interfacial reactions will be important. 

338 



REFERENCES 

1. R. K. Quinn, A. R. Baldwin, J. R. Armijo, P. G. Neiswander, 
and D. E. Zurawski, "Development of a Lithium Alloy/Iron 
Disulfide, 60-Minute Primary Thermal Battery," SAND79-0814, 
Sandia National Laboratories, Albuquerque, New Mexico (1979). 

2. B. A. Askew and R. Holland, Extended Abstracts of the 
Electrochemical Society, 75, Fall Meetln~, ballas, Texas, 
75 (1975). 

3. L. McCoy, et aI., "De've1opment of Lithium-Metal Sulfide 
Batteries for Load-Leveling," EPRr -EM-460, Atomics Inter
national, Canoga Park, California (1977). 

4. P. A. Nelson, et aI., "Development of Lithium-Iron Disulfide 
Batteries," ANL-76-4S, Arltonnc National Laboratory, Argonne, 
Illinois (1976). 

S. A. Katsuhi and T. Chiki, J. Electrochem. Soc., !!!, 1322 
(1975) • 

6. D. M. Bush and D. A. Nissen, Proceedings of the 28th Power 
Sources Conf., Atlantic City, New Jersey, !! (1978). 

7. A. Lin, N. R. Armstrong and T. Kuwana, Anal. Chem., 49, 
1228 (1977). -- -- -

8. K. Siegbahn, C. Vordling, A. Barbman, R. Nordberg, K. Hamrin, 
J. Hedman, G. Johansson, T. Bergmark, S. F. Karlsson, I. 
Lindgren and B. Lindberg, "ESCA-Atomic, Molecular and Solid 
State Structure Studied by Means of Electron Spectroscopy," 
Almquist and Wiksells, Uppsa1a, Sweden (1967). 

9. J. A. Connor, in "Handbook of X-Ray and Ultraviolet Photo
electron Spectroscopy," D. Briggs, Editor, p. 183-210, 
Heyden, Philadelphia (1977). 

10. T. Sasaki, T. S. Williams, J. S. Wons and D. A. Shirley, 
J. Chern. Phys., 68, 2718 (1978). 

11. A. F. Povey and P.M.A. Sherwood, Faraday Transactions II, ~, 
1240 (1974). 

339 



12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

l3. 

24. 

25. 

26. 

27. 

M. Klasson, A. Berndtsson, J. Hedman, R. Nilsson, R. 
Nyholm and C. Nordlini, J. Electron Spectr. Rei. Phenom., 
l, 427 (1974). 

s. P. Kowalczyk, L. Ley, F. R. McNeely, R. A. Pollak and 
D. A. Shirley, Physical Review B, !. 3583 (1973). 

B. J. Burrow, K. N. Nebesny and N. R. Armstrong, To be 
'Published. 

C. C. Addison and B. M. Davies, J. Chem. Soc. A. 1822 (1969). 

A. Soliman, J. Appl. Chem •• 1, 98 (1951). 

R. E. Clausini, D. S. Easton, and G. L. Powell, ~ 
~, 36, 377 (1973). 

H. H. Madden and J. E. Houston, J. Vac. Sci. Tech., li, 
412 (1977). 

T. E. Gallon and J. A. D. Matthew, Physica Status Solidii. 
!!O' 343 (1970). 

D. G. Lord and T. E. Gallon, Surface Science, 36, 606 (1973). 

A. J. Jackson. C. Tate. T. E. Gallon 1 P. J. Bassett and J. A. 
D. Matthew, J. Phys. F., 1. 363 (197~). 

J. Q. Searcy. private communication, Organization 2523, 
Sandia National Laboratories, Albuquerque, New Mexico. 

C. S. Fuller and J. A. Diuen·berier, Phys. Rev., 9.!, 193 
(1953). 

C. F. Vallet. D. E. Heatherly and J. Braunstein, J. Electrochem. 
Soc., ill, 1 (1980). 

R. N. Seefurth and R. A. Sharma, J. Electrochem. Soc., !lI, 
1049 (1975). 

s. C. Levy and C. C. Crafts, "Studies of the Abnormally 
Hiih Peak Voltage Observed with FeSZ Depolarized Thermal 
Batteries," SAND79-0090, Sandia Natlonal Laboratories, 
Albuquerque, New Mexico (1979). 

L. Lindau and W. E. Spicer, J. Electron Spectr. ReI. Phenom., 
l, 409 (1974). 

340 



!!ll!...!.. 

Relathe sulfur 0:-) and iron ~-) X-ray fluorescence (XRF) intensities 

in the EB laber of a sinale coll, dbcharaed at 0.25 ups, 520·C for tho 

times ShOlm. 

Time (minJ ..ill.: ~ 
2 1.3 0.94 

10 3.4 1.0 

20 6.3 1.2 

40 7.2 1.4 

80 9.8 2.7 

!!ll!2 
Relative sulfur (l-) ud iron (l-) XRF intensities in tho ED layer 

of sinale cells dbchuaed at 1.0 UIp' for 20 minutes at tho temper"turn 

,hOlm. 

520 

600 

ill: 
1.2 

6.11 

8.4 

Fe/Fe· 

0.9S 

1.2 

3.1 
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Figure Captions 

Figure 1 Discharge curves of a typical Li/Si--FeS Z single cell. 

Current Drain· 100mA/cmZ, temperature· 520·C. 

a) Cell potential vs. reference as a function of dis

char~e time; b) Anode potential vs. reference; 

c) Cathode potential vs. reference. 

Fil/Ure 2 PhD~omicroKraphs of ~he cross sections of three ,inKle cells 

whieb were a) held at opan circuit for 2 mlnu~e, at 520· C, 

b) dischuKed at 0.25 amps for 2 minutes, and c) dlscharlted 

at 0.25 amp' for 80 IIinutes. Th. anode layor is at. the loft., 

the EB layer at the center and tho cathode layer is at. tho 

riKht in oach photoKTaph. 

Fil/Ure 3 5cannin& electron aicrosrraphs and sulfur (I:: .. ) X-ray fluores

cence dot IIIlIpS of cross-sections of three sinS1e cells which 

were dischsrKed at 1.0 amps for 20 minutes at a) 440·C, 

b) 520·C, and c) 600·C. ASain tho anode, EB layer and 

cathode are display~d fTOll left to dKht. 

Fil/Ure 4 Scanninll electron aicrosrraphs and AES/Une scans for the 

relative atomic ratios of SUlfur, iron and silicon in 

freshly fractured sinlla caUs which were a) held at 

open circuit for 2 ainutes at 520·C, and b) dbchuKed 

U 0.1 ups for 20 minutes at 520·C. 

F1l/Ure 5 ESC-' S'pcctra of FcS2 cathode and standard IIIlIt.rials, Fe(2p), 

S(29) , and O(ls) S'pectral recions. Spectra a) FcS
2 

prepared standard, Spectra b) FoO standard, Spectra c) FeS04 

standard and Spectra d) FeS2 cOlllDlerc1a1 sample. 
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HiUre Captions, paSe 2 

FiiUre 6 AEStdepth-profile plot of FoS2 sinele crystal surface before 

and afur electrcm-be .. annulinll. 

FiiUre 7 XPS C(ls), 51(21), and U(ls) spectra of 40 wlo L!tS! alloys 

exposed to ataosphare for various tim... a) is the 

C(ls), SI(2s) and Li(b) specna of freshly exposed Li/Sl 

alloy; b) is tho C(1s), SI(2s), and Li(ls) spectra 

of titSI alloy exposed IlIOlIOIItarily to atlllOsphere; c) is 

the C (Is), SI(2s) and U(1a) spectra of LitSi aUoy fractured 

and loaded under a nonul atmosphere. 

HiUl'e a Auser spectra and ion-b ... depth profiUns of 4S wto LitSI 

alloy. a) Surface scan: b) surfaco scan after approximately 

5000 ;. had been ion-be ... sputtered, and e) surface sean 

.fur exposure to tho atDOsphere for 10 minutes. 
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APPENDIX B 

The following list is intended as a highly selective review of 

the works which were most helpful in describing the Fourier and Fast 

Fourier Transform techniques. Generally, with a few exceptions, the 

references below describe these methods in layman's terms and were useful 

in their practical approach to the problem of interpreting and handling 

Fourier transforms and data in frequency space. Along with these 

sources a complete explanation of the workings of the FFT can be found 

in any medium-to-advanced text on signal processing or digital 

filtering. In addition to the development of the transform techniques, 

these texts outline the practical approach to the handling of the 

frequency domain information with respect to the important operations of 

convolution, smoothing and resolution enhancement. 

1. E. O. Brigham, "The Fast Fourier Transform", New Jersey, 

Prentice-Hall, Inc., 1974. 

This is by far the most useful of all the references and is 

highly recommended. The book describes the development and exact 

internal workings of the Cooley-Tukey based algorithm. It also contains 

complete discussions on the limitations inherent in the use of the 

discrete transform as well as some actual working examples of the FFT 

method. In addition several FFT subroutines are provided. 
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2. G. D. Bergland, "A Guided Tour of the Fast Fourier Transform", IEEE 

Spectrum, July 1969. 

This is a short review article on the FFT describing the 

limitations and uses of the method for digital signal processing. The 

descriptions of the algorithm and its uses is complete though basic. 

Also there is an excellent set of references provided at the end. 

3. R. B. Lam, R. C. Wiebolt, T. L. Isenhour, "Practical Computation 

with Fourier Transforms for Data Analysis", Anal. Chem., 21(7), 

(1981), 888A. 

4. G. Horlick, "Digital Handling of Spectra Utilizing Fourier 

Transformations", Anal. Chem., 44(6), (1972) 943. 

5. G. K. Wertheim, "Deconvolution and Smoothing: Applications in ESCA", 

J. Elect. Spect. and Re1t'd Phenom., ~, (1975) 239. 

These three references are good examples of the versatility of 

the Fourier Transform in handling data. These are general reviews and 

are basic in their approach in discussing the implementation and 

interpretation of the Fourier Transform. Since they are review 

articles, an extensive list of references are provided at the end of 

each work. Particular to note is Wertheim's paper which discusses the 

use of FFT for deconvolution and resolution enhancement of XPS data. A 

comparison with the Van Cittert digital time-based method is also 

included. 

These five references provide enough of a data base so that a 

basic understanding of the power of the FFT in its ability to solve the 

problem of the deconvolution of loss and broadening contributions to the 
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Auger Spectral signal is achieved. In addition they provide enough 

basic references so that further reading in the area is possible. 



APENDIX C 

FFT DECONVOLUTION PROGRAM DOCUMENTATION 

Once the FFT deconvolution program is loaded, the terminal 

prompts: 'Name of the data file to be transformed'. The user enters the 

data file to be deconvolved. The physical form of the spectrum accepted 

by this program is such that kinetic energy is increasing with 

increasing data point number. Upon opening the data file the computer 

prompts: 'Enter the name of the IRF File'. The user enters the name of 

backscattering spectra file which is going to be deconvolved from the 

Auger data to remove instrumental broadening and inelastic loss 

features. 

The physical transformation of the data file is performed first. 

Since negative members complicate the interpretation of the transform 

the data is scaled so that the lowest amplitude point equals zero. Next 

the data file is truncated on the high kinetic energy side at a value of 

0.5 percent of the maximum amplitude. It is an advantage (in terms of 

speed) to use the shortest file lengths as possible. Since the spectral 

information higher in energy than the Auger peak threshold is not used 

in subsequent analysis it is convenient to eliminate it from the 

transform and deconvolution process. When the truncation is complete 

the lowest point is again reset to zero. 
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The data file is now the correct length and scalar value to be 

used in the deconvolution process. Before it is put in the form 

accepted by FOURT (the FFT algorithm) the relative difference between 

the low and high energy wing is recorded: 

RELATIVE DIFFERENCE = (LOW ENERGY TAIL - HIGH ENERGY VALUE) 
DATA MAXIMUM 

where the high energy value is normally zero. The relative difference 

will be used to calculate a scalar value for the response function so 

that the low and high energy values of the spectrum will be equal (at 

baseline) after the deconvolution process. 

After the relative difference is calculated, the data file is 

reversed and the total number of points for the transform is calculated: 

P + Q - 1 

where P is the number of points in the data file and Q is the number of 

points in the IRF file. This value is automatically rounded to the next 

nearest power of 2 to speed up the FFT. Because of the stepped nature 

of the Auger data however, discontinuities local to the peak will add 

ringing to the data after the transformation process is completed. To 

circumvent this, the data is expanded using the last Auger spectral 

point as the amplitude of the extended data to the nearest power of 2 

plus~. The consequence of this is that spectra whose data and IRF 

file length sum exceed 1024 points cannot be used in this algorithm 

without ~ least 128 K of extended virtual memory in the computer 

system. This is because the couplex transitions occupy 4 words per 
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point and there is not enough room in the 11/23 memory in our laboratory 

to accomodate the frequency distributions that the program generates. 

When the number of data points in the transform has been 

calculated the computer prompts: 

'THE TOTAL NUMBER OF POINTS IN THE TRANSFORM = X 

where X denotes the total number of points that will be sent to the 

transformation subroutine (a power of 2). The extra points are 

initially filled in the data array by zeros. To avoid leakage effects 

near the data, the low energy tail (which is now on the right-most part 

of the reversed spectrum) is extended to the halfway point. The entire 

data array is then made into a complex number (imaginary part equals 

zero) and is transferred to the FFT subroutine. The computer prompts: 

'WORKING ON THE TIME TO FREQUENCY DATA TRANSFORM' 

The results of the transform can be plotted to the users discretion. 

The results of the operation are stored in the complex array 'C'. 

The response function (SIRF) is handled in the same way as the 

data with a few important differences. First, the low energy tail is 

truncated so that it is the same length as the original truncated data 

file (before zero fill and extension) so that the correct amount of 

background will be removed from the data at the correct multiplier value 

for the inelastic tail. Second, the ~ of the elastic peak portion of 

the backscatter spectrum is normalized to one (for correct intensity and 

area scaling of the function). This is achieved by stripping the 

inelastic portion from the main portion of the spectrum. The high 
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stepped background of the elastic peak is functionally generated by the 

subroutine SNICKA and added back to the inelastic tail. This process is 

described in detail in section 3.5 and Figure 3.11 in the main body of 

this text. Once the elastic peak is normalized to unit area the elastic 

and inelastic portions are recombined and the response function is ready 

to be put into the functional form for time to frequency distribution. 

The area corrected SIRF is stored in the real array COUNT1 for the second 

pass through the deconvolution part of the program (beginning at 

statement 196). 

The IRF is reversed setting the maximum at time = 0 and is zero 

filled to the same power of two as calculated for the data transform. 

The file is not extended as the data was because such an extension would 

constitute the division of the frequency components of the data by an 

arbitrary (SINX/X) function in the deconvolution step. The IRF is made 

into a complex number and transformed as the computer prompts: 

'WORKING ON THE TIME TO FREQ RESPONSE FUNC TRANSFORM' 

The results are returned in the complex array 'B' and can be plotted. 

The first phase of the program is complete: both function have 

transformed into the frequency domain. There are two decisions to be 

made before the actual deconvolution (or division) is performed. First 

a truncation point is chosen to block out the highest frequency data and 

avoid frequency spikes and zero divides. Since the SIRF frequency 

distribution is the dividing function, the truncation point is chosen at 
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the value toward higher frequencies where its distribution has decayed 

to 1% of its maximum value. The computer prompts: 

'THE TRUNCATION POINT IS 

'ENTER NEW VALUE OF THE TRUNCATION POINT IF DESIRED' 

Here the user has the option to change the truncation point. For Auger 

data, a change in this value toward higher frequencies does not usually 

buy any visually enhanced resolution and may complicate the spectra by 

inadvertently including a low valued point in the frequency SIRF. The 

value chosen is therefore the best that can be achieved with the data. 

This is demonstrated in section 3.6.2 in the main text. 

The truncation point is sent along with dummy array 'DATAl' to 

the subroutine 'SMOOTH' which generates the Cosine Bell apodization 

function. This function is diagrammed and explained in section 3.5.2 of 

the main text. 

The actual deconvolution is in statements 242-248 in the copy of 

the program. Deconvolution is the direct division of the data transform 

with the SIRF transform with concurrent multiplication by the real 

apodization function. All points higher than the truncation point 

(ITRUNK) are set to zero. The division is performed on half the 

frequency distribution (positive frequencies) and the negative half is 

generated by reflection which is a known property of the Fourier 

Transform. The computer prompts: 

'THIS IS A PLOT OF THE FINAL SPECTRA IN THE FREQ DOMAIN' 

which, when plotted, shows the result of the division and reflection. 



The new 'deconvolved' frequency distribution is inversely 

transformed into the time domain: 

'WORKING - FREQ TO TIME TRANSFORM OF THE DECONVOLVED DATA' 
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The results are corrected and scaled (statement 278) and can be plotted. 

Usually, one finds that unit scaling of the inelastic tail has not fully 

corrected the low energy tail of the data. The new value of the 

relative difference calculated from the result just obtained is used to 

calculate a new scale value of the second pass through the program: 

'THE LOW ENERGY MINIMUM AFTER ONE PASS: 

THE HIGH ENERGY MINIMUM AFTER ONE PASS 

THE RELATIVE PATTERNED AFTER ONE PASS: 

%REDUCTION OF LOW ENERGY TAIL: 

NEW APPROXIMATE SCALE VALUE FOR THE ENERGY TAIL: 

The details of the calculation are reviewed in section 3.5.1.3 of the 

main text. 

The scale value calculated by this method is usually incorrect 

because the process of background removal by this method is not linear 

(Figure 3.13). The user has the option to change the value arbitrarily 

so that full background suppresion (and a level baseline) results: 

'DO YOU WANT TO CHANGE THIS VALUE? - TYPE 1 FOR YES' 

'ENTER THE NEW SCALING VALUE' 

The new (or computer calculated) scale value is multiplied with 

the inelastic portion of the SIRF in Countl which has been restripped 

from the unit area elastic peak via SNICKA (statement 333). The two 

portions of the new response function are combined and the program 



branches to 901 (statement 196) for the functional modification, 

retransformation and 2ND deconvolution of the data. 
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The final result can be viewed as returned from the FFT 

algorithm (to see the location of the 'leakage') or switches to the 

original energy scale: 

'THE DATA IS SWITCHED TO THE ORIGINAL SCALE:' 

Afterwards it is saved or the user can return to the very beginning of 

the program to start with either the same or new files. The 

deconvolution process is considered complete at this point. 
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FORTRAN IV 

0001 

V02.5 

PROGRAM FT 

Tue 06-Mar-84 00:00:00 PAGE 001 

c ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C· THIS PROGRAM USES THE FOURIER TRANSFORM SUBROUTINE 
C 'FOURT" AND IS USED AS FOLLOWS ••••.• 
C CALL FOURT(DATA,NN,NDIM, ISIGN, IFORM, WORK) 
C WHERE FOR THIS APLICATION: 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

DATA: 
NN: 
NDIM: 
ISIGN: 

IFORM: 

WORK: 

THE ARRAY OF TO BE TRANSfORMED 
THE NUMBER OF DATA POINTS 
THE NUMBER OF DIMENSIONS OF THE ARRAY DATA 
-1 FOR FORWARD TRANSFORM 

+1 FOR REVERSE TRANSFORM 
o ALL IMAGINARY PARTS OF DATA ARE ZERO 

+1 OTHERWISE 
o IF NN IS A POWER OF 2 

THE PROCRAM MAKES TWO PASSES THROUGH THE DATA, FIRST 
DECONVOLVING USING AN UNCORRECTED VERSION OF THE 
RESPONSE FUNCTION. IT CALCULATES THE VALUE OF THE 
SCALING NECESSARY TO MODIFY THE RESPONSE FUNCTION SO THAT THE 
DATA FUNCTION REACHES BASELINE ON THE HIGH AND LOW ENERGY 
CONFINES OF THE PEAK. 

PRO CRAM WRITTEN BY KENNETH W. NEBESNY AT THE UNVERSITY 
OF A"IZONA 

THE P~OGRAM IS DESIGNED AS TO HAVE AS LITTLE USER 
INPUT AS POSSIBLE: THE BEST STATISTICAL PARAMETERS 
FOR THE CALCULATION OF THE TRUNCATION POINT AND THE 
SCALING VALUE FOR THE LOW ENERGY TAIL OF THE IRF ARE 
INCLUDED. 

C ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
0002 BYTE ISQ,IFS 
0003 VIRTUAL A(2050),NNII),B(2050),COUNTS(20501 
0004 VIRTUAL DATAl(20~0),DUMX(2050),C(2050),EV(700) 
0005 VIRTUAL COUNTI(700),EV2(700) 
0006 COMPLEX A 
0007 COMPLEX B 
OOOS COMPLEX C 
0009 INTEGER.2 IFILEIS),JFILEIS),PFILE(S) 
0010 IFS=12S 
0011 ISQ=126 
0012 IVT=11 

C· •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C 
C BOTH FILES ARE READ IN, THE DATA FILE IS HANDLED FIRST 
C 
C •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

0013 928 TYPE 20 
0014 20 FORMAT(IX,III, IX, 'NAME OF DATA FILE TO BE TRANSFORMED') 
0015 ACCEPT 30, IFILE 



FORTRAN IV 

0016 30 
0017 
0018 
0019 
0020 
0021 3:5 
0022 
0023 
0024 80 
0025 
0026 90 
0027 

C 
C 

V02.5 Tue 06-Mar-84 00:00;00 

FORMAT(8A2) 
OPENIUNIT=99,NAME=IFILE,READONLY,TYPE='OLD' ) 
TYPE", , 
TYPE ", 'ENTER THE NAME OF THE IRF FILE' 
ACCEPT 35,JFILE:: 
FORMAT 18A2) 
OPEN(UNIT=98,NAMEc~FILEIREADONLy,TYPE='OLD') 
READt99,80) N 
FORMATtIS) 
READ(!:I9,90) (EV(l),COUNTStI), I 3 1,N) 
FORMAT(2FI0.3i 
CLOSE(UNIT=99) 
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C DATA FILE MINIMUM IS FOUND, LOWEST POINT IS SET TO ZERO 

0028 
0029 
0030 

C 
C 

0032 690 
0033 
0034 
0035 
0036 770 

C 

0037 
0038 
0039 
0040 

C 
C 
C 
C 
C 

0042 4683 
0043 
00<44 5000 
0043 

C 
C 

Mm-l 
DO 690 I-1,N 
IF(COUNTS(I).LT.COUNTS(MIN» MIN-I 
CONTINUE 
A:CNT-COUNTS(MIN) 
DO 770 I=l,N 
COUNTS(I)=COUNTStI)-XCNT 
CONTINUE 

THE HIGHEST ENERGY MAXIMUM IS FOUND 
CCMAX=MAXIMUM VALUE 

M2-N/2 
NEVM'"M2 
DO 4683 I=I,M2 
IFtCOUNTS(I).GT.COUNTStNEVM» NEVM=I 
CONTINUE 
MAX=NEVM 
MAXD-MAX 
CCMAX .. COUNTSIMAXD) 

C CUT THE DATA OFF AT .3 PERCENT OF THE MAX ON THE 
CHICH ENERGY SIDE 

0046 
00<47 

C 
C 

0049 772 
C 
C 
C 
C 
C 

0030 aSl 

DO 772 I=MAXD,N 
IFICOUNTStI).LT.I.003"CCMAX» GO TO 831 
CONTINUE 

REESTABLISH MINIMUM AT ZERO 
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005! 
0052 
0053 
0055 932 
0056 
0057 
0058 
0059 934 

C 
C 
C 
C 
C 
C 
C 

0060 754 
0061 
0062 
0063 
0064 
0066 944 
0067 
0068 
0069 
0070 
0072 976 
0073 
0074 
0075 
0076 
0078 

C 
C 
C 
C 
C 

0080 
0081 
0082 695 
0083 
0084 
0085 38 
0086 
0087 37 
0088 100 

C 
C 
C 
C 
C 
C 
C 

0089 
0090 
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MIN=! 
DO 932 1 = 1, N 
IF(COUNTS(ll.LT.COUNTS(MINl 1 MIN=I 
CONTINUE 
CUT=COUNTS(MINl 
DO 934 1=I,N 
COUNTS(Il=COUNTS(Il-CUT 
CONTINUE 

RELATIVE DIFFERENCE (TO THE PEAK HEIGHT) IS DETERMINED 
FOR THE DATA ON THE HIGH AND LOW ENERGY SIDE. 
REL DIFF=CLOW ENERGY WING-HIGH ENERGY WING)/DATA MAXIMUM 

ADD:oCOUNTS(!l 
NH"IFIXIN/5) 
MIN:1 
DO 944 1-1,NH 
IF(COUNTS(I).LT.COUNTS(MIN» ~IN.I 

CONTINUE 
AAVG=COUNTS(MIN) 
MIN=MAXD 
DO 976 I"'MAXD,N 
IFICOUNTSII).LT.CQUNTSCMIN» MINaI 
CONTINUE 
BAVG-COUNTSIMIN) 
DIFF-AAVG-BAVG 
RDIFF-DIFF/CCMAX 
IF(DIFF.EQ.O.) TSC-O. 
IFCDIFF.NE.O) TSC-1./RDIFF 

THE DATA FILE IS R~VERSED 

DO 695 I-l,N 
DATA1CI)aCOUNTSCN-I+l) 
CONTINUE 
DO 38 I=l,N 
COUNTSCI)=DATA1(1) 
CONTINUE 
TYPE*,' , 
TYPE lOO,N 
FORMATC' THE NUMBER OF POINTS IN THE FILE IS', IS) 

CALULATE TOTAL POINTS FOR ZERO FILL 
POINTS-NUMBER OF DATA POINTS+NUMBER OF POINTS IN THE IRF 
RAISE TO AN EXTRA POWER OF TWO TO AVOID TRUNCATION EFFECTS 

DO 1 I = I, 12 
IFiN.GT.(2*.CI-1» .AND. N.LE.C2**I» GO TO 110 
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)092 1 
)093 111 
)094 lU), 
)095 
)096 
)097 
J098 
j099 

C 
C 
C 
C 
C 
C 
C 

HOO 
HOI 
H02 
JIOS 2 
JIO .. 

C 
C 
C 
C 
C 
C 

)105 
)106 
JI07 737 
)10a 

C 
C 
C 
C 
C 

0109 
0110 
0111 
J112 
:> 113 643 
':>114 
0115 
0116 '3 
0117 40 

C 
C 
C 
C 
C 
C 

JI18 
j 119 
0120 
0121 

V0:2.5 Tue 06-Mar-a4 00;00;00 

CONTINUE 
FORMAT! II) 
[PWR=I+2 
IEXTRA=!2**IPWRl-(N) 
NN(I)=2**(IPWR) 
TYPE-, 
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TYPE~, 'THE TOTAL NUMBER OF POINTS IN THE TRANSFORMc',NN(ll 
rYPE*, . 

BECAUSE WE WANT A POWER OF TWO POINTS WE WILL ZERO FILL 
SOME BOGUS POINTS. 
ND-TOTAL NUMBER OF POINTS FOR TRANSFORM 

ND=NN(I) 
DO 2 J=(N+I),NN!I) 
COUNTS(J)"O. 
CONTINUE 
NUP-(ND/2)+1 

FILL THE DATA TO THE HALF WAY POINT BY EXTENDING THE VALUE 
OF THE LAST DATA POINT IN THE REVERSED FUNCTION (ADD) 

DO 737 I=N,NUP 
COUNTS(I)"ADD 
CONTINUE 
ISIGNa-1 

DUMMY ARRAY CREATED FOR FREQUNCY PLOTS 

XL=I. 
DO·649 I-I,ND 
DUMX(I)=XL 
XL=XL+I. 
CONTINUE 
DO '3 L-I,NN(1l 
A(L)·CMPLX(COUNTS(L),O.O) 
CONTINUE 
TYPE ., 'WORKING ON THE TIME TO FREQ DATA TRANSFORM' 

FOWARD TRANSFORM OF THE DATAl SAVE THE FREQUNCY RESULT 
IN THE COMPLEX ARRAY C 

CALL FOURT(A,NN, I, ISIGN,O,O) 
CALL QPLOT(ND,A, DUMX) 
DO 799 I:aI,ND 
C ( I ) -A( I ) 
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0122 799 
C 
C 
C 
C 
C 
C 

0128 988 
0124 
0125 240 
0126 
0127 241 
0128 
0129 

C 
C 
C 
C 
C 

0180 
0181 
0182 
0184 700 
0185 
0136 
0137 
0138 701 

C 
C 
C 
C 
C 

0189 
0140 
01 .. 1 
01 .. 8 400 
01 .... 
01 .. 3 
0146 
0148 728 
01 .. 9 724 
0130 
0151 
0132 
0154 1660 
015~ 

0136 
0157 
0158 1665 

C 
C 
C 
C 
C 
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CONTINUE 

GE7 THE IRF, REVERSE IT ABOUT THE MAXIMUM OF THE ELASTIC 
PEAK, AND FILL IT ONLY WITH ZEROS! ! 

TYPE *, 'READING IN THE RESPONSE FUNCTION FILE' 
READ(98,240) N2 
FORMAT ( IS) 
READ(98,2411 (EV2(I),COUNTSII),I=I,N2) 
FORMATI2FI0.8) 
CLOSEIUNIT-98) 
PFLG-O 

FIND MINIMUM OF IRFIBASELINE CORRECT TO ZERO 

MIN-I 
DO 700 I"I,N2 
IFICOUNTSII).LT.COUNTS(MIN» MIN-I 
CONTINUE 
CUT=COUNTS(MIN) 
DO 701 1=1. N2 
COUNTSII,=COUNTSII)-CUT 
CONTINUE 

FIND THE MAXIMUM 

MAX .. 1 
DO 400 1=1,N2 
IFICOUNTS(I).GT.COUNTS(MAX» MAX-1 
CONTINUE 
MAXF-MAX 
DO 723 I "M.~XF , N2 
IF(COUNTS(I).LT. (.OI*COUNTS(MAXF») CO TO 72" 
CONTINUE 
N2"I 
MIN"1 
DO 1660 I"I,N2 
IFICOUNTS(I).LT.COUNTS(MIN» MIN-I 
CONTINUE 
CUT=COUNTS(MIN' 
DO 1665 I=I,N2 
COUNTSII'=COUNTS(I)-CUT 
CONTINUE 

TRUNCATE THE LOW ENERGY TAIL OF THE IRF 50 THAT IT 
IS THE SAME LENGTH AS THE ENTIRE DATA FUNCTiON 
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C 
01:59 
0160 
.J 161 
0162 
0163 
0165 
0166 
0167 
0168 
0169 6930 
0170 
0171 
0172 
0173 9374 
0174 
0173 
0176 
0178 8361 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

DEV=EV2(2)-EV211) 
MID=N2-MAXF 
MID2=MAXF-MID 
NEXTRA=N2-N 
IFINEXTRA.LE.O) GO TO 5039 
N3=N2-NEXTRA+I 
DO 6930 I=I,N3 
COUNT1(I)cCOUNTSINEXTRA+I-l) 
EV2(I)·EV2(NEXTRA+I-l) 
CONTINUE 
N2:;N3 
DO 9374 I=I,N2 
COUNTS(I)=CQUNTIII) 
CONTINUE 
MAXF-l 
DO 836 1 I .. 1 , N2 
IFiCOUNTS(I).GT.COUNTSIMAXF» MAXF-I 
CONTINUE 

FIND THE SEPARATION POINT BETWEEN THE ELASTIC AND 
INELASTIC PORTIONS OF THE IRF AND SEPARATE THE TWO 
PARTS. THE SEPARATION POINT (MID) 15 CALCULATED AS THE 
DISTANCE TOWARD THE LOW ENERGY SIDE WHERE THE ELASTIC 
PEAK WOULD DECAY TO LESS THAN 1 PERCENT OF ITS W!TIAL 
VALUE GIVEN THAT THE PEAK IS SYMMETRIC 

0179 MID"N2-MAXF 
0180 MID2a MAXF-MID 
0181 3039 DO 1875 I-l,N2 
0182 DATA1(I)·COUNTS(MID2+I-l) 
0183 IF«MID2+I-l).EQ.N2) GO TO 1878 
0183 1873 CONTINUE 
0186 1878 CONTINUE 
0187 KPTS-(MID*2)+1 

0188 

0189 
0190 
0191 

C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 

FIT THE ELEASTIC PEAK TO A SICKAFUS BACKGROUND 
ADD THE SUBROUTINE GENERATED BACKGROUND PORTION 
BACK TO THE INELASTIC PORTION OF THE PEAK 

CALL SNICKA(DATA1,COUNT1,KPTS) 

THIS PART NORMALIZES THE AREA OF THE ELASTIC PORTION 
OF THE IRF TO UNIT AREA 

SUMS-a. 
DO 1335 Icl,KPTS 
SUMS-SUMS+COUNT1(I) 
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0192 1355 
C 
C • 
C 
C 
C 

0193 
0194 
0195 703 

C 
C 
C 
C 
C 
C 

0196 901 
0197 
0198 401 
0199 
0200 
0201 403 
0202 
0203 
020' 
0206 742 
0207 '46 

C 
C 
C 
C 
C 
C 

0208 1'01 
0209 
0210 43' 
0211 
0212 
0213 
021<4 
021' 437 
0217 
0218 904 
0219 
0220 
0221 7620 

C 
C 
C 
C 
C 
C 
C 
C 
C 
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CONTINUE 

SAVE THE IRF IN THE REAL ARRAY COUNTI FOR LATER RESCALING 

DO 703 1=1, N2 
COUNTI(I)=COUNTS(I)/SUM5 
CONTINUE 

REVERSE THE IRF FOR TRANSFORMATION 
USING THE LOCATION OF THE MAXIMUM SET TO T=O 

DO 40 I 1=1, ND 
COUNTS(I)"O. 
CONTINUE 
DO 403 I a l,MAXF 
COUNTS(I)·COUNT1(MAXF-I+l) 
CONTINUE 
DO 742 I-l,N2 
IF«MAXF+I).GT.N2) GO TO 546 
COUNTS(ND-I+l)mCOUNTl(MAXF+I) 
CONTINUE 
CONTINUE 

B IS THE COMPLEX VERSION OF THE TIME BASED IRF 
TRANSFORM THE I RF . 

DO 435 I:al,ND 
B(I)=CMPLX(COUNTS(l),O.O) 
CONTINUE 
ISIGNa-1 
TYPE -, 'WORKING ON THE TIME TO FREQ RESPONSE FUNC TRANSFORM' 
CALL FOURT(B,NN, I, ISIGN,O,O) 
ND2a( (ND/21+11 
IF(PFLG.EQ.Ol GO TO 904 
CALL QPLOT(ND,B,DUMXl 
CONTINUE 
DO 7620 1-1,102<4 
COUNTS(Il=REAL(B(I» 
CONTINUE 

USING THE REAL PART OF THE IRF TRANSFORM (FOUND IN THE 
REAL ARRAY COUNTS) CALCULATE A TRUNCATION POINT SO THAT 
ZERO DIVIDE IN THE COMING DECONVOLUTION STEP 15 AVOIDED 
THE TRUNCATION POINT- ITRUNK- THE POINT AT WHICH THE REAL 
COMPONENTS OF THE FREQUENCY REPRESENTATION OF THE IRF 
HAVE DECAYED TO 1 PER CENT OF THEIR INITIAL VALUE 
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C 
0222 
0223 
0225 7621 
0226 7623 

C 
C 
C 
C 
C 
C 
C 
C 

0227 962 
0228 
0229 804 
0230 446 
0231 
0232 
0233 
0234 
0233 81 
0236 
0237 
0238 801 
0239 
0240 
0241 
0242 
0243 
0243 
0246 
0247 434 
0248 456 

C 
C 
C 
C 
C 

0249 
0250 
0251 
0252 630 
0233 
0234 
0233 
0256 649 
0257 
0238 
0239 631 
0260 
0262 
0263 
0264 

V02.5 TUQ OG-Mar-84 00:00100 

DO 7621 1=3, 1024 
IF(COUNTS(I).LT. (.01.COUNTS(2») GO TO 7623 
CONTINUE 
ITRUNK=I 

GET THE ORIGINAL DATA BACK, DIVIDE, FOLD CONSERVING 
SYMMETRY AND TRUNCATE USING A COSINE BELL. THE 
BELL IS CENERATED BY THE SUBROUTINE SMOOTH AND IS 
RETURN IN THE REAL ARRAY DATAl 

DO 804 I-I,ND 
AI I)"C I I) 
CONTINUE 
CONTINUE 
TYPE.,' , 
TYPE ., 'THE TRUNCATION POINT IS ',ITRUNK 
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TYPE ., 'ENTER NEW VALUE OF THE TRUNCATION POINT IF DESIRED' 
ACCEPT 81, lTRUNK 
FORMAT I 14) 
NFC=l 
CALL SMOOTHIND,ITRUNK,DATA1 I NFC , DUMX) 
CONTINUE 
DELT=EV2(2)-EV211) 
DELF=12.0·3.14)/IFLOATIND).DELT) 
DELFSQ:rDELF .. 2. 
DO 456 I = t I ND2 
IFII.CT.ITRUNK) CO TO 454 
AII)=IAII)/BII».DATA1(1) 
CO TO 436 
AII)-O. 
CONTINUE 

THE COMPONENTS ARE REFLECTED ABOUT THE MIDDLE 

DO 650 I-l , ND2 
DATA1II'=REALIA(I» 
COUNTSII)aAIMACIAII» 
CONTINUE 
DO 649 I-ND2+1 , ND 
DATA1(I)=DATA11IND-I)+2) 
COUNTSII)--1 •• ICOUNTSIIND-I)+2» 
CONTINUE 
DO 651 I.l,ND 
AII)·CMPLX(DATA1II),COUNTS(I» 
CONTINUE 
IFIPFLC.EQ.O) CO TO 907 
TYPE.,' , 
TYPE., 'THIS IS A PLOT OF THE FINAL SPECTRA IN THE FREQ DOMAIN' 
CALL QPLOTIND,A,DUMX) 
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0265 
0266 

0267 
0268 
0269 
0271 
0272 
0273 

027 .. 
027~ 
0276 

0277 
0278 

907 

C . 
C 
C 
C 
C 
C 

893 
C 
C 
C 
C 
C 

665 
C 
C 
C 
C 
C 
C 

0279 666 
0280 
0282 
0283 
028 .. 
0285 744 

C 

0286 
0287 
0288 

C 
C 
C 
C 
C 
C 

0290 8:58 
0291 
0292 
0293 
0294 869 
0295 
0296 
0297 
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CONTINUE 
TYPE*, . 

GO BACK TO THE TIME DOMAINI THE SUBROUTINE RETURNS THE FULL NUMBER 
OF POINTS RAISED TO THE APPROPRIATE POWER OF TWO 

TYPE *, 'WORK1NG-FREQ TO TIME TRANSFORM OF THE DECONVOLVED DATA' 
CALL FOURTIA,NN,l, 1,1,0) 
IFIPFLG.EQ.O) GO TO 893 
TYPE.,' , 
CALL QPLOTIND,A,DUMX) 
CONTINUE 

THE FUNCTION IS REVERSED 

DO 665 I-l,N 
B I 1 ) =A (N - 1 + 1 ) 
CONTINUE 

AFTER THE FUNCTION IS REVERSED, IT 15 SCALE CORRECTED 
BY DIVIDING BY THE TOTAL NUMBER OF POINTS USED IN THE TRANSFORM 

DO 666 I=I,N 
A(I)=B(I)/FLOATIND) 
CONTINUE 
IF(PFLG.EQ.l) GO TO 913 
CALL QPLOT(N,A,EV) 
DO 744 I-I,N 
COUNTSII)=REALIAII» 
CONTINUE 

THE SECOND PASS STARTS HERE! THE NEWLY DECONVOLED, NOT 
COMPLETELY CORRECTED FUNCTION IS USED TO CALCULATE THE 
SCALING VALUE FOR THE INSTRUMENT RESPONSE FUNCTION. 

MIN"'1 
DO 858 I=l,N 
IFICOUNTS(I).LT.COUNTSIMIN» MINaI 
CONTINUE 
CUT-COUNTS(MIN) 
DO 869 I-l,N 
COUNTS(I)=COUNTSII)-CUT 
CONTINUE 
MAX=1 
DO 625 I=l,N 
IFICOUNTS(I).GT.COUNTS(MAX» MAX-I 
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0299 625 
C 

0300 
0301 
0302 
0303 

C • 
C 
C 
C 
C 

0305 828 
0306 
0307 
0308 
0309 
0310 
0311 
0312 
0313 
0314 
0315 
0316 
0317 
0318 
0319 
0320 777 
0321 
0323 
0324 720 
0325 
0326 774 

C 
C 
C 
C 
C 
C 
C 

0327 721 
0328 
0329 
0331 1111 
0332 1160 
0333 
0334 
0335 
0336 
0338 
0339 1170 
0340 
0341 
03<42 973 
0343 
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CONTINUE 

THE MINIMA, DETERMINED FOR A SELECTED ENERGY REGION ON BOTH 
SIDES OF THE PEAK ARE USED TO CALCULATE A NEW VALUE OF SCALE 

MIN=1 
N5=MAX 
DO 828 I=I,N5 
IF(COUNTS(I).LT.COUNTS(MIN» MINeI 
CONTINUE 
COT=COUNTSIMIN) 
TYPE., 'THE LOW ENERGY MINIMUM AFTER ONE PASS- ',COT 
BBVG=COUNTSIN) 
TYPE., 'THE HIGH ENERGY MINIMUM AFTER I PASS= ',BBVG 
DIFF-COT-BBVG 
RDIFF=DIFF/COUNTSIMAX) 
TYPE ., 'RELATIVE DIFFERENCE AFTER ONE PASSe ',RDIFF 
RELD-tl.-IRDIFF*TSC»*100. 
TYPE *,'~ REDUCTION OF LOW ENERGY TAIL= ',RELD 
WSCL=(I./RELD)*100. 
TYPE.,' , 
TYPE *, 'NEW APPROXIMATE SCALE VALUE FOR THE LOW ENERGY TAIL=',WSCL 
TYPE*, 'DO YOU WANT TO CHANGE THIS VALUE?-TYPE 1 FOR YES' 
ACCEPT 777, IKL 
FORMATI II) 
IFiIKL.EQ.I) GO TO 720 
GO TO 721 
TYPE*, 'ENTER THE NEW SCALING VALUE' 
ACCEPT 774,WSCL 
FORMATIFI0.5) 

THE ELASTIC AND INELASTIC PORTIONS OF THE IRF ARE SEPARATED 
AGAIN AND THE LOW ENERGY TAIL 15 SCALED 
WSCL- THE SCALING VALUE 

DO 11 11 I :0 1 , N2 
DATAIII)cCOUNTIIMID2+I-I) 
IFCCMID2+I-l).EQ,N2) GO TO 1160 
CONTINUE 
CONTINUE 
CALL SNICKAIDATA1, COUNTS, KPTS) 
DO 1170 I-I, N2 
DATAIII)=COUNTIIII 
IFII,LT,MID2) GO TO 1170 
DATAIIIlaCQUNTIIII-COUNTSCI-MID2+11 
CONTINUE 
DO 973 I"1,N2 
DATAl (I I =DATAl I I).WSCL 
CONTINUE 
DO 974 l-l,N2 
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0344 
0346 
0347 
0348 
0349 
0350 
0351 
0352 
0353 
0354 
0355 
03!56 

0357 
0358 
0359 
0360 
0361 
0362 
0363 
oa65 
0366 
0367 
0368 
0370 
0371 
0372 
0373 
0374 
0375 
0376 
oan 
oa78 
0380 
0381 
0382 
0383 
0384 
oa85 
oa86 
0387 
0388 
0389 
0390 

9704 

873 

971 

1505 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

913 

905 

927 

461 

462 

484 

6238 

6239 

22 
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IFII.LT.MID2) GO TO 974 
DATAIII)=DATAIII)+COUNTS(I-MID2+1) 
CONTINUE 
DO 873 I = I , N2 
COUNTIII)=DATA1(Il 
CONTINUE 
SUM2=0. 
DO 971 I = 1 , N2 
SUM2=SUM2+COUNT1<Il 
CONTINUE 
TYPE., 'THE AREA OF THE CORRECTED IRF- ',SUM2 
PFl.G-l 
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GO BACK TO THE PORTION OF THE PROGRAM THAT BEGINS WITH 
THE REVERSAL OF THE IRF. REDIVIDE THE FUNCTIONS, CHOOSING 
A TRUNCATION POINT,AND GENERATING A NEW COSINE BELl. 
TRUNCATION FUNCTION 
PROCEED FRO" HERE TO SAVE THE DECONVOl.VED DATA OR TO 
GO BACK TO THE BEGINNING OF THE PROGRAM 

CO TO 901 
TYPE -, 'THE DATA IS SWITCHED TO THE ORIGINAl. SCALE' 
CAl.l. QPl.OT(N,A,EV) 
TYPE-, 'TYPE I TO GO BACK' 
ACCEPT 905,IBCK 
FORMA:f ( I 1 ) 
IF(IBCK.EQ.I) CO TO 928 
TYPE *, 'TYPE 1 TO SAVE REAl. DATA' 
ACCEPT 461,KTKT 
FORMAT ( I I) 
IF(KTKT.EQ.l) GO TO 462 
GO TO 463 
DO 484 I III, N 
COUNTS(I)-REAl.(A(I» 
CONTINUE 
SUM3-0. 
DE-EV(2) -EV( I) 
MIN-a 
DO 6238 I-I,N 
IFiCOUNTS(I).LT.COUNTS(MIN» MIN-I 
CONTINUE 
CUT-COUNTSU1IN) 
DO 6239 Ial,N 
COUNTS(I)=COUNTS(I)-CUT 
CONTINUE 
DO 22 I=I,N 
SUM3-SUM3+COUNTS(I) 
CONTINUE 
AREA-SUM3 
TYPE., 'THE FINAL PEAK AREA" ',AREA 
TYPE-, , 
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0391 
0392 
0393 46.4 
0394 
0395 
0396 465 
0397 
0398 466 
0399 463 
0400 
0401 
0403 
0404 
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TYPE -, 'ENTER REAL DATA FILENAME' 
ACCEPT 464,PFILE 
FORMAT(8A2l 
OPEN(UNIT=8S,NAME=PFILEl 
WRITE(8S,46Sl N 
FORMAT(IS) 
WR I TE (8S, 466) (EV ( I ) , COUNTS ( I ), I" 1 , N) 
FORMAT(2F10.3) 
TYPE-, 'TYPE 1 FOR MORE DATA REDUCTION' 
ACCEPT 90S, IBCI< 
IF(IBCI<.EQ.1) GO TO 928 
CALL EXIT 
END 
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APPENDIX D 

Paper published on the surface analysis of Li metal exposed to 

solution and gas phase S02 (Chapter 4). 
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K. oW, Nebesny, R. C. Kaller and N. R. Armstrong, J. 

Electrochem. Soc., 1982, 129(12), 2861. 

We would like to communicate the 
following now chemical and electro
chemical experiments of clean lithium 
surfaces thAt hAve been created and 
characterized in an ultra-high vacuum 
environment. The surface chemiatry of 
lithium is of importance for the under-
5tan~ing of the varioua ambient tam
?erature and molten salt battery 
systema,1-4J. Our initial emphasis waa 
on the surface anlayses of the anode 
and cathode of the lithium/metal Bul
fide molten salt system. IS), and our 
~re recent atudiea have been on the 
interaction of lithium with the solvent 
components of a lithium/SOZ battery-
acetonitrile, LiBr, and SOZ' 

The study of atomically clean 
electrode surfacea with solvent and 
eleetrolyte components is by now well 
established. and is mainly confined to 
~he study ot noble metals such as 
~latL,~~16). we have successfullY 
=o~ined our UHV-Auger Electron Spec
troscopy (AES) system~jth a UHV 
~rAnsfer system which allows for the 
?ro~uction of a clean lithium surface 
and its characte'rization and raaction 
with gas or solution ph.se electrolyte. 
~e deta'i1s ot, the' des.tgn, construction 
a~~ use of thi. tr1nster ay.tam are 
reported e'lsewhere 7). A. can be .een 
in Fiqure 1, the lithium surt'ace ia 
examined by AES in • chamber with .0 
:~se ~:essure 01 le •• than 5 x 10-l 
70rr. ~he bulk :ithium sample ia 
~echanically scraped in this system to 
expose a lithium surface which remains 
atomically clean for aeveral minutea. 
,iqure 2a ahows an AES spectrum ot such 
a lithium .urfa~e. 8-11 minutes Iollo~ 

·Active Member, Electrochemical society 
·Author to Whom Correspondence Should 
~e hddreased 
Key wor~s: litnium anodes, surtace 

chemistry, Auger electron 
IIpectroscopy 

ing ito production. An o~gen KLL 
signal is barely detectable at ca. 
500 eV, indicating lesa than monolayer 
coverage ot this contaminant. 

Movement ot the clean lithium sUr
face to a gas liquid ~o.ing call is 
accomplished by a separately pumped 
t~anster system with

9
a bas. pre •• ure 

ot less than 5 x 10- ~rr. Transf.r 
to and trom the dosing cell could be 
effected in leslI than ten minute., 
insuring less than 5 equivalent mono
layers of contamination in the proce •• 
and leaving a highly reactive lithium 
surtace. In the dosing cell, the 
lithium lIample was exposed to high 
purity argon at atmospheric pressure, 
then rotated into poSition to accept 
a few micrOliters of acetonitrile 
(Burdich and Jackson, UV-grade, dried 
over molecular sieves), O.S H in LiBr 
and saturated at atmospheric preSSure 
in S02 (bubbling S02 tor ca. 30 min
utes), and the open circuit potential 
was measured vs. a large graphite 
cathode (which acted as the solution 
dispenser). An open circuit cell 
voltage ot 2.3 volta was observed and 
mainta,ined for 1 minute. The exces. 
e'lectrolyte was then Withdrawn and the 
cell evacuated. The sample was 
returned via the trans,fer system to 
the me in chamber and the AES spectrum 
of Figure 2b recorded. Similar con
trol experiments in the same 
acetonitrile/0.5 H LiBr electrolyte, 
without S02 were al.o conducted. 

Figures 2c and 2d were recorded 
after a clean lithium sutlace was 
reacted with atmospheric pressure, 
gaseous S02 ,or 5 minutea (2c) and 
with 5 x 10- ~rr SOZ tor 5 minutes 
(24). We are very cortscious ot the 
potential for electrQB ~~am reduction 
ot lithium compounds l • '. All AES 
spectra were recorded at various beam 
currents from 52-250 nanoamperes 
« 0.5 watts/cm ) which were at or near 
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·static-AES· conditions (less than one 
monolayer beam damage in the time 
duration of the experiment). Several 
different spots on each surface were 
explored to insure that each spectrum 
reflected the true uurface composition. 

The lithium (XLL) and sulfur (LMM) 
spectrel lineshapes and absolute 
kinetic energies are very sensitive to 
the valeBc~ ptate of the atom and its 
matrix(~ -~2). Fingerprint analysis 
of the spectra in Figures 2a-2d give 
clear indication of some interstating 
differences in the lithium surface 
chemistries upon reaction vith S02. 
Figures 2b and 2c show a sulfur (LMH) 
lineshape which is nearly identical to 
those seen When we examined standards 
of sodium and lithium dithionite. Full 
details of the Auger lineshape analysis 
of these '¥ffaces will bQ published 
elsewhere' • There is little doubt, 
however, that the reaction product on 
these lithium surfaces resulting from 
high concentrations of S02. in the gas 
or solution phase i. a sull?ur oxide, 
dithionite-like speci... ~e lithium 
XLL signa'l of Figure' 2b i. shifted and 
split from that of Figure 28, COIlBis
!ent with the· nearly complete oxidation 
of the lithium surface.. A 1llDA11 Br 
(HNN) AES si9llAl. vas a·lao oIIserved from 
the lithium surface exposed to CH3CNI 
0.5 K LiBr solutions. The intensl.ty of 
this signal was strongly attenuated on 
those surfaces exposed concurrently to 
502. This suggests that either the 
S02-lithium reaction layer overlayered 
the trapped LiBr, or that this reaction 
layer in some way displaced LiBr from 
the lithium surface. Significant 
amounts of carbon and nitrogen (not 
shown) were alao seen in the lithium 
surfaces reacted with the acetonitrile 
electrolyte, whether 502 was present 
or not. Isothermal reactions of 
lithium with pure acetonitrile are 
under investigation by electron spec
troscopic techniques. 

It has been hypothesized that the 
protective layer formed on the lithium 
surface in the S02 battery ia mainly 
a di~~~irite-like reaction pr~i4) 
duct • Anderson, et al., , 
however, have recently proposed that 
502 plays a relatively minor role in 
this reaction I their studies are con
fined to a post-mortem analysis of 
whole batteries. Our data indicates 
that the role of S02 is more subtle. 
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Of particular interest were the 
AES spectra obtained when the lithium 
surface was reacted with a low dose of 
gas-phase 502' Figure 2d. In this 
case, the sulfur (LMM) lineshape is 
clearly that of a sulfide reaction 
laaer which was not produced bye-beam 
re uction during analysis. The lithium 
(KLL) lineshape is consistent with a 
partially oxidized surface, and the 
oxygen surface coverage is highI10,ll). 
It is clear that the initial reaction 
of low doses of 502 with clean lithium 
results in a different produce than at 
very high doses. Using the simple 
kinetic molecU.lar theory for gas-solid 
interactions, assuming a sticking 
coefficient of 1, we calculate that 
minutes at 5 x 10-8 Torr S02 should 
result in a reaction layrS)coverage of 
7 equivalent monolayers • We 
postulate that the reaction mechanism' 
proceeds: 

6Li + S02(g) --. 2Li20 + Li2S 

leaving a mixture of oxide and sulfide 
surface sites. The full reaction 
isotherm of lithium with 502 is under 
study. It i~ especially of interest 
to learn at what surface coverage the 
reaction with S02 leads to the dithio
nite reaction product instead of the 
dissociation of S02 to sulfide and 
oxide. 

It is clear that the reactions 
of the lithium - 502 battery occur at 
surfaces which are contaminated ~ith 
normal atmospheric reaction products 
at unknown surface coverages, in co~
trast to thOle surfaces stUdied here. 
A freshly scraped, atomically clean 
lithium surface will maintain that 
surface integrity at atmospheric 
pressure for, at most, a millisecond. 
However, experiments parallel to those 
described here which were carried out 
in an argon glove box, show that 
freshly scraped lithium surfaces that 
are immediately immersed in the 5°2/ 
acetonitrile solution give rise to the 
same or higher open circuit voltages 
than the lithium surface created in 
the ultra-high vacuum environment and 
then immersed in t.he electrolyte. 

These studies are the first of 
several designed to elucidate the 
chemistries of the clean, active 
metal and, subsequently, to approach 
the chemistry of the real world system 



FiC]Ure 1. Schematic ot the analysis 
and transfer systems used to produce, 
react and characterize the active 
lithium surfaces. 
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Figure 2. Auger spectra of lithium 
surfaces. All spectra were recordec 
using 2 XeV electron beams, 50-250 
nanoamperes beam current, 2 volts 
modulation of the ~nalyzer pass 
energy, and 2 eVlsec scan of the 
kinetic energy range from 0-600 eV. 

a) A freshly scraped lithi~~ 
surface, exposed to the vacuum 
in the analysis chamber for 
9-11 minutes. 

b) A freshly scraped surface 
exposed for one minute to 
CH3CN/O.S M Liar saturated 
with S02' 

c) A freshly scraped surface 
exposed to atmospheric pressure 
S02 for 5 minutes. 

d) A freshly scraped surface 
exposed to 5 x 10- Torr S02 
for 5 minutes. 



i~ a systematic, controlled fashion. 
7he observ3tion that the reaction of 
lichlum with 502 leads to a sulfide/ 
ox~de surface layer is the first indi
cdcion chat previous work may have led ;0 over~implifie~ hypotheses regarding 
.he sur.ace chemlstry of these systems. 
Subsequent reports from this laboratory 
wlll focus'on the detailed correlation 
of polarizations of the lithium anode 
as a function of its prior surface 
chemical history. 
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