
37? 
M9U 

Ao, tyoy 

ADSORBATE - ENHANCED CORROSION PROCESSES AT 

IRON AND IRON OXIDE SURFACES 

DISSERTATION 

Presented to the Graduate Council of the 

University of North Texas in Partial 

Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

By 

Eric Murray, B.S. 

Denton, Texas 

December, 1994 



37? 
M9U 

Ao, tyoy 

ADSORBATE - ENHANCED CORROSION PROCESSES AT 

IRON AND IRON OXIDE SURFACES 

DISSERTATION 

Presented to the Graduate Council of the 

University of North Texas in Partial 

Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

By 

Eric Murray, B.S. 

Denton, Texas 

December, 1994 



Murray Eric, Adsorbate-Enhanced Corrosion Processes at Iron and Iron Oxide 

Surfaces. Doctor of Philosophy (Analytical Chemistry), December, 1994, 125 pp., 

52 figures, bibliography, 65 titles. 

Corrosion of ferrous materials is an issue of significant importance in power 

plants, semiconductor processing and other environments. The corrosion of these 

materials involves complex surface chemical interactions which are not well 

understood. A fuller knowledge of such chemistry is required in order to understand 

and alleviate such corrosion problems. The surface reactivities of iron and iron 

oxides play an important role in understanding the corrosion of ferrous materials. 

Species that are commonly encountered in these environments include oxygen, water, 

sulfur-containing species and chlorides among others. 

This study was intended to provide a fuller understanding of the surface 

chemical processes which result in the corrosion of ferrous materials. The research 

involved the use of modern surface analytical techniques, particularly x-ray 

photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), and 

temperature programmed desorption (TPD) to study the interactions of Cl2, H2S, 02 

and H20 at iron and iron oxide surfaces under ultra-high vacuum (UHV) conditions. 

Results shown here indicated that the iron oxide under investigation contains 

both Fe+2 and Fe+3 sites. It was demonstrated that significantly different H20, Cl2 

and H2S interactions occur at these sites. CI adsorption occurs preferentially at Fe+2. 

H2S and H20 adsorption occur at both types of sites, but CI and H2S will displace 



H20 only at Fe+2 sites. The results of chlorine-oxygen and chlorine-water 

interactions at iron polycrystalline surfaces pointed to the important role of low-

coordinate or chemisorbed oxygen in chlorine attack at iron surface. The interactions 

of H20 and Cl2 on an Fe oxide surface was also studied. These studies indicated that 

the corrosive pathways for the C12-H20 interaction on metal Fe surfaces are 

eliminated by the formation of an Fe oxide surface. 
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CHAPTER I 

INTRODUCTION 

An understanding of the interactions of Cl2> H2S, 02 and H20 at iron and iron 

oxide surfaces is of fundamental importance to the study of corrosion phenomena. 

This study was intended to provide a fuller understanding of the surface chemical 

processes which result in the corrosion of ferrous materials in environments that 

contain these adsorbates (e.g., power plants, semiconductor manufacturing, etc.). 

This research involved the use of modern surface analytical techniques, particularly x-

ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES) and 

temperature programmed desorption (TPD) to understand these adsorbate-surface 

interactions on an atomic level under controlled temperature and ultra-high vacuum 

(UHV) conditions. 

1.1 Corrosion 

Corrosion may be defined as the destructive result of a chemical or 

electrochemical reaction between a metallic material and its environment (1). 

The deterioration of materials other than metals, such as ceramics, plastics or 

concrete is not called corrosion, but is described as erosion, galling, or wear (1,2). 

The study of corrosion processes and the development of methods for 

protection against corrosion of metal materials are significantly important issues of the 

United States economy. In the United States alone, more than $10 billion is lost each 

1 



year to corrosion (3). These costs are divided into direct and indirect costs. Direct 

costs include the costs for anti-corrosive painting or other protection methods, the 

exchange of corroded structures and machinery, the use of corrosion resistant metal 

materials, etc. Nuclear and fossil fuel plants require costly metal alloys as well as 

expensive treatment systems for cooling water and steam, all to minimize corrosion. 

Some examples of important sources of indirect costs include shut-downs in industries 

due to corroded apparatus, losses of oil, gas, or water through corroded pipe systems, 

spoilage of food in corroded metals containers, etc. Improvements in the technology 

of protection against corrosion requires a reliable and accurate scientific foundation. 

For this reason, establishment of scientific principles on corrosion processes is a 

problem of significant importance. 

The phenomenon of metal corrosion is manifested by a heterogeneous chemical 

or electrochemical surface reaction, the consequence of which changes the metal to 

the oxidized state. Since metals have a high conductivity, their corrosion is usually of 

an electrochemical nature. The driving forces behind corrosion are the activity of the 

metal as a reducing agent and the strength of the oxidizing agent (like oxygen). For 

example, the corrosion of iron (reducing agent) is negligible at ordinary temperatures 

in water that is free of a strong oxidizing agent such as oxygen (Qj) (4). 

Generally, metals are found in the earth as their oxides or similar compounds; 

in the presence of oxygen, metals oxides are thermodynamically more stable than the 

pure metals (5). Therefore, all refined metals (except platinum, gold and silver) will 

spontaneously revert to some oxidized state. For example, 



4 Fe(s) + 3 02(g) -* 2 Fe203(s) 

4 Al(s) + 3 02(g) -*• 2 AIA» 

2 Mg(s) + 02Qs) -» 2 Mg0(s) 

The oxide film that forms on the surface of a metal is a thin film that can protect the 

metal against further oxidation. However, if this protective or "passivating" oxide 

surface film is broken, the metal is exposed to outside atomic or molecular species, 

and corrosion can begin. Some oxide films are more protective than others. For 

example, the corrosion of aluminum is slow due to the formation of a thin, compact 

oxide coating that forms on its surface. Magnesium is similarly protected. On the 

other hand, the oxide coat on iron is too porous to offer similar protection. However 

when iron is alloyed with chromium, a protective oxide coating does form. Such 

alloys are called stainless steels (4). These iron-based alloys are very useful materials 

in the industry of construction, power generation, semiconductor manufacturing, etc. 

Corrosion of metal or metal oxides may be induced or enhanced by a number 

of different aggressive species such as chlorine and other halogens, chlorides and 

sulfur containing compounds (e.g. S02, H2S). When metals at high temperatures are 

in contact with atmospheres containing both oxygen and sulfur they are generally 

subjected to unusually rapid degradation processes (6). These corrosion processes are 

related to the formation of sulfides, in addition to oxide, in the film (6). H2S is a 

notorious corrosive agent and catalyst poison (7). In spite of this, there is a little 

fundamental understanding of the interactions of H2S with the surfaces of ferrous 

materials, particularly oxides. Therefore, part of our research has been focused 



towards a fundamental understanding of the interactions of H2S with Fe and Fe oxide 

surfaces. Furthermore, we have investigated the interactions of H2S and other species 

(Cl2 and H20) on Fe and Fe oxide surfaces. The results of these studies are presented 

in chapter 2. 

Pitting, or corrosion at localized areas on the surface, is a well-known and 

significant problem in chlorinating environments (8). The accepted model for 

chloride-induced attack of an Fe or alloy surface in an aqueous environment involves 

chloride transport across the oxide film to the metal-oxide interface, followed by Fe 

chloride formation and ionic transport back across the oxide film to the oxide/solution 

interface (figure 1) (9). This model has significant indications for pitting suggesting 

that the presence of chloride species alone should be sufficient to induce degradation 

of a clean metal. However, electrochemical studies (10) indicate that the halide 

pitting process is strongly affected by the degree of oxidation of the Fe surface. 

Ultra-high vacuum(UHV)/electrochemical studies (11) show the presence of chloride 

ion alone is insufficient to induce pitting at a clean metal surface in and oxygen-free 

aqueous environment. These results point to the role of oxygen-containing species in 

corrosion-related surface chemistry at the Fe surface. In order to investigate in detail 

the role of oxygen-containing species in chlorine attack on the Fe surface, UHV 

studies of the interactions of oxygen and water with chlorine species at the Fe surface 

were performed. These studies are discussed in chapter 3. 



CI' 

Solution 

Figure 1 Conventional model for the chloride-induced 
attack on an Fe or alloy surface in an aqueous 
environment. 

1 7 Surface Science Concents 

Surfaces are of technological interest for a variety of reasons; catalysis, 

adhesion, lubrication, corrosion, and thin film growth all are either completely or to a 

significant degree, surface phenomena. Consequently, the growth in the study of 

solid surfaces and in the number of techniques available for their study has been 

enormous since the early sixties. 

The region of a solid material within 10A - 50A of the outermost row of 

atoms of a material is commonly considered as surface (12). It is important to realize 

that most people are somewhat imprecise when referring to a surface, and this also 



depends on the type of material being discussed. For the case of well-defined single 

crystal surfaces (e.g., Ni(llO)), the surface is usually taken to mean the outermost 

layer of atoms. In the case of an oxide which is amorphous or has irregular 

topography, discussing a surface region is more appropriate. 

The structure and composition of a surface differ from the structure and 

composition of corresponding planes of the bulk solid. At the surface, atoms are 

usually bonded to fewer atoms than in the bulk. Therefore forces acting on surface 

atoms are different that those acting on bulk atoms. This can lead to different 

interatomic spacing and crystal structure at the surface. This can also lead to 

preferential segregation of one element relative to another so that the surface 

composition differs from that of the bulk. In Au-Ag alloys (13), for example, the 

surface region will largely be Ag, even though the bulk composition may be much 

less than 50 atomic per cent. 

Surface segregation (14,15) presents an indication that surfaces provide unique 

chemical bonding environments, which can result in the formation of surface 

compounds, that have no chemical analogue in the bulk. An example of surface 

segregation is observed in stainless steels which usually contain about 15% to 20% 

Cr. High temperature oxidation of stainless steel results in the preferential 

segregation of chromium to the surface leading to the formation of a chrome oxide 

layer which prevents further oxidation (16,17) (Figure 2). 
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Figure 2. The surface regions of stainless 
steels are typically 100% Cr oxide (no 
iron). 

The main reason for doing surface science is obviously due to the fact that 

surface atoms can react with the environment. Basically, gas molecules and atoms in 

a determined environment can attach or adsorb to surfaces in two ways. These are 

called physisorption and chemisorption (14). 

In physisorption, the molecules are held to the solid's surface by relatively 

weak intermolecular van der Waals forces. Physisorption can also be called 

nondissociative adsorption since there is no dissociation of the adsorbate molecule. 

On the other hand, in chemisorption the molecules stick to the surface by forming 

relatively strong chemical bonds (covalent or ionic). Usually, molecules dissociate 

when chemisorbed, and that is the reason that chemisorption is often called 

dissociative adsorption. However, there are cases in which species are chemisorbed 

nondissociatively or molecularly. The adsorption of CO on a nickel surface is an 

example of this (18). Once a monolayer (single complete atomic or molecular layer 

coverage) of physisorbed species has formed, intermolecular interactions between 

adsorbed molecules in the monolayer and gas-molecules can lead to formation of a 

multilayer of adsorbed species. For example, a high exposure of H20 gas leads to a 

multilayer formation (ice formation) on iron surfaces at temperatures <, 175 K (19). 
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A good test for distinguishing chemisorption from physisorption is the size of 

the enthalpy values of adsorption. The enthalpy of physisorption is much lower than 

for chemisorption. Enthalpy values in the region of -20 kJ mol"1 were taken to 

signify physisorption (20). The enthalphy values for chemisorption were taken in the 

region of -200 kJ mol"1 (20) . This is graphically shown in figure 3. This figure 

shows the dependence of the potential energy of a molecule on its distance from the 

substrate surface for an activated chemisorption process. In this process there is a 

potential energy barrier separating the physisorbed species and chemisorbed state. As 

the molecule approaches the surface its energy falls as it becomes physisorbed into the 

precursor state for chemisorption. Additional energy must be supplied before the 

molecule can chemisorb. 

t 
LU 
*3 
TS 

I 
AH--21 

| AH ~ -20 kJ/mol 

physisorbed species 

chemisorbed species 
(Dissociativeiy or molecularly) 

Distance from the Surface 

Figure 3. The potential energy profile for the physisorption and chemisorption of a molecule. 



Under ordinary conditions, the surface of a solid is covered with adsorbed species 

(such as carbon, hydrocarbons, oxygen, sulfur, water, etc.) derived mainly from 

atmospheric gases. In order to study surface reactions under controlled conditions, 

the surface must be initially clean and must remain "atomically stable" over the 

duration of an experiment (which may be 1 hour or more). In practice, atomically 

stable means no observable change in surface structure or composition. This means 

that the rate of arrival of reactive species from the surrounding gas phase should be 

low. If an atom or molecule has a 100% probability of sticking to a surface once it 

hits, then at a pressure of 10"6 Torr (760 Torr = atmospheric pressure), the surface 

would be covered by one monolayer of adsorbate in one second (12). It is therefore 

required, in surface studies, to produce ultra-high vacuum (UHV) conditions 

(pressures below 10"8 Torr) to keep a surface in its clean or otherwise well-

characterized condition once produced (14,21). The requirement of UHV gives rise 

to most of the experimental complexity and expense of surface science. 

1.3 Ultra-High Vacuum Techniques 

Any analytical technique used for surface studies must give information about 

the surface region, and not the bulk. Therefore, the techniques used detect signals 

(ions, electrons, phonons or photons) that must have a sampling depth (depth from 

which the signals originate) of about 30 A or less. 

Electrons with kinetic energies between 10 eV and 1000 eV typically have 

sampling depths between 1 and 10 monolayers (22). X-ray photoelectron 
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spectroscopy (XPS) and Auger electron spectroscopy (AES) are both techniques which 

involve analysis of these low energy electrons emitted from the surface as a result of 

photon (XPS, AES) or electron (AES) bombardment. XPS and AES are probably the 

most popular surface analytical techniques in use today. That is because they can 

yield quantitative elemental analysis (XPS, AES) and chemical bonding information 

(XPS) (23,24). They both can observe chemical species down to about 1% surface 

concentration and all elements are detectable except hydrogen. 

1.3.1 X-Rav Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) more commonly known as electron 

spectroscopy for chemical analysis (ESCA) is nowadays one of the most powerful 

tools in the field of surface science. A basic schematic representation of a typical 

XPS system is shown in figure 4. 

Electrostatic 
Analyser Sample 

Detector 

X-ray Generator 

Recorder 

Figure 4. Basic schematic representation of an XPS system. 
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It consists basically of an ultra-high vacuum system, x-ray source, an electrostatic 

analyzer and an electron detector. 

The technique involves bombarding a surface with soft x-rays. MgKce x-rays 

(1253.6 eV) or AlKa x-rays (1486.6 eV) are ordinarily used. These photons interact 

with atoms in the surface, causing electrons (photoelectrons) to be emitted (Figure 5). 

The emitted electrons have kinetic energies given by (24): 

KE = hv - BE - <£, 

where hv is the energy of the photon, BE is the binding energy of the atomic orbital 

from which the electrons (typically core electrons) eject, and 4>s is the work function 

(25) of the spectrometer. The binding energy which is the value to be determine in 

an XPS experiment is then given by: 

BE = hv - KE -

1-2,3 ° r 2 p 

L 1 o r 2 s 

photoelectron 
Y 

K o r l s 

Figure 5. Schematic diagram of the process of photoelectron 
emission in a solid. 
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The work function of the spectrometer, <t>a, typically is ~ 4 - 5 eV. The <£, is taken 

to be the value required to make the measured photoelectron kinetic energy agree with 

the literature value. Therefore, by obtaining <£s> measuring KE and Knowing hv 

(1253.6 (MgKa) or 1486.6 (AlKa)), BE can be determined. 

The great advantage of XPS is the ability to obtain information of chemical 

states from the shifts in binding energies, or chemical shifts, of the photoelectron 

lines in the spectrum (an XPS spectrum is typically plotted as electron intensity vs 

BE) (26,27). BE is characteristic of the element concerned, and shifts by some small 

amount (. 1 - 10 eY) depending on the environment of the atom. 

The physical basis of the chemical shift effect is illustrated by the charge 

potential model (28). In this model the atom is considered to be an essentially hollow 

sphere on the surface of which the valence charge q resides. The potential or binding 

energy, BE, of a particular core level inside the sphere is given by qv/r, where qv is 

the valence election charge and r is the average valence orbital radius. Chemical 

bonds to neighboring atoms may result in withdrawal or addition of valence charge. 

Thus, a change in valence charge, Aqv results in a shift of the binding energy of the 

core levels. BE shifts to larger values as qy decreases (ABE = k Aqv). An example 

of this can be shown in figure 6. The characteristic BE of iron (706.75 eV) is shifted 

to a BE of 710.7 eV upon the oxidation of the iron surface. 
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Figure 6,. XPS spectra of the Fe(2pj/2) core level for (a) Fe at a BE of 
706.75 eV and (b) FeOx at a BE of 710.5 eV. 
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1.3.2 Auger Electron Spectroscopy 

AES is based on the Auger radiationless process (Figure 7). When photons or 

electrons kick a core electron out of an atom, a less tightly bound electron can decay 

into that hole. The energy created by the decay may then be released by either 

photon emission or by the ejection of another electron. This latter electron is called 

an Auger electron (29,30). 

Auger electron 

• "̂2,3 ̂  P 

L1or2s 

Ko r l s 

Figure 7. Schematic diagram of an Auger process. 

From figure 7, a good approximation of the kinetic energy of the Auger electron is 

evidently given by (23): 

KE = Efc - E l2 3 - E L2 3 

where E^ El2>3, E* l 2 , 3 are the binding energies of their respective atomic energy 
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levels. E*L 2,3 IS the binding energy for the E,? , level in the presence of a hole in level 

Lj. Each element has Auger electrons with kinetic energies that are characteristics of 

the atom from which it originated (Fe vs CI). Therefore, AES is a very sensitive 

technique to characterize the elemental composition of the solid surface. 

Figure 8 shows an example of an AES spectrum (30) that is characteristic of 

iron. Auger peaks are usually small, and are superimposed on a rather larger 

continuous background. In order to accentuate the peaks, spectra are usually 

differentiated. Therefore, an AES spectrum is typically plotted as dN(E)/dE as a 

function of electron energy. Basically, an AES system consist of an ultra-high 

vacuum system, an electron gun (electron source), and electron analyzer. 

1.4 Temperature Programmed Desorption Method 

Temperature Programmed Desorption (TPD) is a method for studying 

adsorbate-surface interactions. It involves the identification of products desorbed 

from a surface as a function of temperature. In TPD experiments, gas molecules are 

adsorbed onto the surface of a solid substrate at low temperatures in a vacuum. The 

temperature of the substrate is increased in a controlled fashion (18), and desorption 

products are identified with a quadrupole mass analyzer (QMA). This is graphically 

shown in fig 9. 
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Figure 8. Standard Auger spectrum of pure iron. Permission to use this figure here 
was given by Perkin-Elmer Corporation (30). 
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Figure 9. Graphic representation of a TPD process. 

For most modern UHV pumping systems, the pumping rate is greater than the 

readsorption rate for desorbed species. If this is the case, then the intensity of 

desorbed species in the QMA, which is proportional to the change in the pressure in 

the chamber, AP (deviation from the background pressure), is also proportional the to 

the rate of desorption (31). If there are several different fragments desorbing at the 

same time, then AP is the partial pressure rise for a particular species. TPD has been 

very useful not only to elucidate surface structures but also to study the kinetics of 

desorption of adsorbed species from the surface of a solid. (32-36). 
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Typically TPD spectra are displayed as total specie signal vs temperature. Kinetic 

information can be determined from an analysis of TPD data. The desorption rate 

can be related to the energy of desorption, which reflects the strength of the bond of 

the molecules to the surface. The desorption rate (31) is given by: 

-d[N]/dt = v0 [N]m exp(-Ed/RT) 

where u0 is the rate constant (pre-exponential factor), [N] is the concentration of the 

surface species, Ed is the activation energy for desorption, T is the temperature of the 

substrate and m is the order of the desorption reaction. Many scientists have made 

used of TPD data to extract parameters for desorption kinetics (33-36). These studies 

involve the measurements of desorption curves for varying initial coverages and 

varying temperature linearly with time. The study presented here made use of TPD 

for the qualitative identification of reaction products on iron and iron oxide surfaces. 
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CHAPTER II 

XPS STUDIES OF THE INTERACTIONS OF Cl2, H2S AND H20 ON Fe AND Fe 

OXIDE SURFACES 

2.1 Experimental 

The experiments were performed in a turbomolecularly pumped stainless steel 

ultra high vacuum (UHV) system (figure 10) equipped with a dual anode X-ray 

source, a differentially pumped ion sputtering gun (PHI model 04-161), a concentric 

hemispherical analyzer (CHA) for x-ray photoelectron spectroscopy (XPS) (model 

PHI 10-360), and a quadrupole mass spectrometer (UTI model 100c) for residual gas 

analysis. The base pressure after bake-out was 2xlO"10 torr. XPS spectra were 

obtained using un-monochromatized Mg Ka radiation with the analyzer aligned along 

the sample normal. Our analyzer was calibrated by referencing the Fe(2pj/2) peak for 

clean Fe to a binding energy of 706.75 eV (fig. 11) (1). The polycrystalline iron foil 

sample (99.995% pure) was mounted on a manipulator which allowed resistive 

heating to 1600 K and liquid nitrogen cooling to approximately 100 K. The sample 

temperature was monitored by a chromel-alumel thermocouple spot-welded to the 

back of the sample. The sample was repeatedly annealed and Ar-ion bombarded to 

remove S, C, and O impurities. 

All gases were admitted to UHV through stainless steel doser tubes 

approximately 2 cm away from the sample. Separate dosers were used for different 

23 
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gases. Background pressure was monitored using a nude ion gauge calibrated for 

dinitrogen. To minimize contamination from inside the doser and the gas manifold, 

repeated long term exposures were used and gases were changed frequently between 

the experiments. Exposures are reported in terms of time and background pressure 

(1L = 10"6 torr-sec). These values have not been corrected for enhancement of 

pressure near the sample surface due to directional dosing. 

Hemispherical 
Analyzer 

Sputter gun sample— 

105K < T < 1000K 

base pressure 
2x10"10Torr 

Figure 10. Ultra-high vacuum system for XPS studies. 
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All spectra discussed in this chapter were analyzed using commercially available 

software (2,3) developed for nonlinear curve-fitting. The oxide samples were 

prepared by in-situ oxidation of the Fe foil. The oxidation was accomplished by 

heating the foil to 700 K in 10"5 torr of oxygen (99.9999%) for 10 minutes. This 

procedure resulted in a consistently reproducible oxide film as shown by XPS (fig. 

12) (4). Decomposition of the Fe(2p3/2) spectrum in figure 12 was carried out using 

peaks with binding energies of 709.5 eV and 710.5 eV for Fe2"1" and Fe3+ species, 

respectively (5). The Fe(2p3/2) peak maximum of the clean oxide (fig. 12) is 

consistent with the presence of both Fe2+ and Fe3+ sites within the oxide, but not with 

significant amounts of Fe° (5). That some but not all of the sites at the oxide surface 

are Fe2+ sites is demonstrated by the fact that the Fe(2p) peak maximum shifts to 

higher binding energy upon chlorination or sulfidation (4), yet such treatment does not 

passivate all the chemisorption sites at the oxide surface. In principle, decomposition 

of the XPS spectrum could reveal the proportion of surface sites affected by 

chlorination, but the broad, asymmetric nature of the Fe(2p) line, combined with the 

small differences in binding energies involved (5), makes such an exercise of dubious 

value for obtaining quantitative information. It may be that our oxidation procedures 

produce an oxide layer of high surface area, with a high proportion of the sites 

contributing to the XPS signal being truly surface sites. Thus the oxide surface 

appears to be composed of a mixture of Fe2"1" and Fe3+ sites. In the absence of more 

exact compositional information, we will refer to this oxide film as FeOx. 
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Figure 11. Standard XPS spectrum of Fe(2p3/2) and Fe(2p(1/2) core levels for 
clean Fe. Permission to use this fig. here was given by Perkin-Elmer Corp.(l). 
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Figure 12. XPS spectrum of the Fe(2p3/2) core level for FeOx at 105 K. The 
spectrum is fitted to the peak positions at binding energies of 709.5 and 710.5 eV for 
Fe2+ and Fe3+ respectively as reported in reference (5). We did not attempt to fit the 
satellite peak at 714 eV. 



27 

2.2 Chlorine effects on Fe and Fe Oxide Surfaces in HoS Environment 

2.2.1 Introduction 

H2S is a notorious corrosive agent and catalyst poison. In spite of this, there 

is little fundamental understanding of the interactions of H2S with the surfaces of 

ferrous materials, particularly oxides. Previous surface studies have focused on the 

catalytic behavior of H2S or CH3SH on Fe (6), Ni (7,8), Pt (9) and Mo (10) metal 

surfaces. Oxide surface reactivities are often dominated by the presence of 

electronegative or electropositive impurities (5). Thus, as part of a study to develop a 

fundamental understanding of the influence of impurities on H2S reaction with the 

surfaces of ferrous materials, we have studied the influence of chlorine on H2S 

interactions with iron polycrystalline (Fe(poly)) and iron oxide (FeOJ surfaces (11). 

We have used x-ray photoelectron spectroscopy (XPS) to study the effects of 

chlorine gas on Fe and FeOx surfaces pre-exposed to H2S at 105 K (11). H2S 

chemisorbs on the FeOx surface at 105 K to form adsorbed sulfur (SJ and sulfyhydryl 

(SH) intermediates. We present here the first observation of sulfur-chlorine 

interaction leading to desorption of adsorbed S (but not S-H) from the FeOx surface at 

105 K (11). The striking feature of this result is that on the oxide, Cl2 vapor reacts 

preferentially with adsorbed sulfur (SJ, and does not affect the relatively weak S-H 

bond (9) of adsorbed sulfylhydryl groups (SH,). In contrast, on Fe metal Cl2 reacts 

readily with SH, to form S,. 
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2.2.2 Results and Discussion 

Typical XPS spectrum generated following adsorption of H2S on clean iron at 

105 K for a low (0.002 L) and a high coverage (0.2 L) are shown in figures 13 and 

14. At low coverages, a single S(2p) XPS peak at 162.6 eV (fig. 13) is indicative of 

Sa. This assignment is made on the basis of the previously reported value for the 

corresponding S(2s) peak for Sa on Pt (9). However, the S(2p) spectra are more 

intense and well resolved than the S(2s) and we report them here. At high coverages, 

a second peak appears at 164.4 eV (fig. 14a) indicative of SH,. This result is 

consistent with previously reported results on Ni (7,8), Pt (9) and Mo (10) surfaces 

and our own studies on metallic Fe (5). The occurrence of SHa at higher coverages is 

reportedly due to the requirement of an ensemble of vacant surface sites for complete 

H2S dissociation (9). In fitting of the experimental data binding energies of 162.6 eV 

and 164.4 eV were therefore used for S, and SH, respectively. 

To examine the effect of chlorine on Fe surface with S, and SHa, the Fe 

sample was exposed to Cl2 at 105 K and S(2p) XPS spectra were recorded (fig. 14b). 

Upon exposing the surface to Cl2(0.06 L) at 105 K, the 164.4 eV peak due to SHa 

disappears while the peak at 162.6 eV due to Sa remains. Analysis of absolute peak 

intensities indicates that this is due to conversion of SH, to Sa, not to the desorption of 

SHa. HC1 may also be formed by this reaction. 

The results on FeOx are in contrast to the results on Fe. An XPS spectrum for 

H2S adsorbed at 105 K on FeOx for a high coverage (0.2 L) is shown in fig. 15a. 

There are two S(2p) peaks at 162.6 and 164.4 eV corresponding to S, and SH, respectively. 
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Figure 13. Sulfur 2p XPS spectrum 
obtained following the adsorption of 
H2S at 105 K on the Fe surface. Low 
H2S coverage (0.008 L) showing a 
single peak at 162.6 L due to S,. 
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Figure 14. Sulfur 2p XPS spectra 
obtained following the adsorption of H2S 
at 105 K on the Fe surface: (a) At high 
coverages (0.2L) of H2S, two sulfur peaks 
are observed. The peak at 162.6eV has 
been assigned to Sa and the peak at 
164.4eV to SHa. (b) High H2S coverage 
followed by Cl2 exposure (0.06L), the 
peak at 164.4eV due to SHa disappears 
while the peak at 162.6eV remains. 
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Binding Energy 

Figure 15. Sulfur 2p XPS spectra obtained following the adsorption of H2S at 105 K 
on FeOx surface: (a) High coverage (0.2L) of H2S showing two S(2p) peaks at 
162.6eV due to Sa and at 164.4eV due to SHa (b) High H2S coverage followed by Cl2 

exposure (0.06L), the S(2p) peak at 162.6eV disappears while the peak at 164.4eV remains. 
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The Fe oxide sample was exposed to Cl2 at 105 K and S(2p) XPS spectra were 

recorded (fig 15b). An examination of figure 15b reveals that the peak at 162.6 eV 

due to atomic sulfur has largely disappeared after Cl2 exposure (0.06 L) while the 

peak at 164.4 due to SH remains. An analysis of the data indicates that the ratio of 

the intensities S,/SHa decreases from about 1.00 before chlorine exposure to below 

0.01 after the exposure. This result suggests that the spectral change is not due to S, 

conversion to SH,,, but instead indicates that Sa has desorbed from the surface. The 

possibility of sulfur diffusion into the oxide-metal interface or into the bulk has been 

investigated by sputtering and heating the sample. We found no evidence of such 

sulfur diffusion into the interface or into the bulk. This result indicates that Cl2 

prefers to react with sulfur adsorbed on the FeOx surface forming a S-Cl bond at 105 

K leaving the SH bond intact. A XPS peak appears at 167.5 eV in figure 15b in the 

presence of chlorine on iron oxide only but not on iron (metal) surface. We 

tentatively assign this peak to S-Cl or S-0 bond formation (12) in the presence of 

chlorine on the oxide surface. This peak at 167.5 eV is being further investigated and 

the results will be reported in the future. 

2.2.3 Conclusions 

In summary, we have studied the effects of Cl2 on Fe and FeOx surfaces 

preexposed to H2S at 105 K. An important result is the contrasting behavior of Fe and 

iron oxide surfaces. On the iron oxide surface we have (at 105 K): 

(la) Cl2 + Sa — > desorbed sulfur (SC12? or SOCl2?) 
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(lb) Cl2 + SHa — > no reaction 

On metallic Fe, we have (again, at 105 K): 

(2b) Cl2 + S, — > no reaction 

(2c) Cl2 + SHa --> S, + HC1(?) 

These results clearly indicate that the H2S adsorption site on the oxide is very 

different from that of the metal. The ability of Cl2 to react with and desorb S from 

the oxide surface, even at 105 K, may have significant technological implications. If 

the desorption product (la) is SC12, then a possible route for S removal from oxide 

catalysts presents itself. If the desorption product is SOCl2, then a pathway for oxide 

etching is apparent. Clearly the desorption products are of interest here and work is 

in progress to identify the desorption products. 

2.3 Interactions of Chlorine. H.S and H,Q at the Fe Oxide Surface 

2.3.1 Introduction 

As part of a program to investigate the chemisorption and interactions of 

corrosive species at ferrous materials, we have studied the chemisorption and 

interactions of Cl2, H20, and H2S at an Fe oxide surface (4). 

The surface reactivities of iron oxides play an important role in understanding 

the corrosion of ferrous materials. There are a number of ultra high vacuum (UHV) 

studies devoted to the investigation of detailed reaction mechanisms of H20 

(13,14), CH3SH (6), and C12 (15) with single crystal or polycrystalline Fe surfaces. 

The reactivities of iron oxides, however, have received relatively little attention. 
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Previously reported work on oxide surfaces has generally focussed upon the 

characterization of the surface films formed by exposure of Fe or steel to a corrosive 

environment (16,17). However, relatively little attention has been paid to the reactive 

sites at the oxide surfaces which are responsible for specific chemisorption 

mechanisms (18). One exception is the work reported by Somoijai's group which 

found that dissociative chemisorption of H20 occurs at Fe2+ sites on the a - F e ^ (5) 

surface. 

In the section 2.2 we described the interaction of H2S with an iron oxide 

surface (FeOJ prepared by in-situ oxidation of clean polycrystalline Fe (11). This 

work showed that H2S chemisorption at 115 K led to the formation of both adsorbed S 

(SJ and SHa. Subsequent exposure to chlorine vapor at 115 K led to displacement of 

Sa from the surface of the oxide. This behavior is in direct contrast to the observed 

results for metallic Fe (11). On the metallic iron surface, exposure of SH„ to Cl2 

vapor at 115 K leads to S-H bond scission and the formation of additional Sa, with no 

effect upon existing Sa. These results demonstrate that the bonding of Sa to the FeOx 

surface differs fundamentally from the interaction at the surface of metallic Fe. 

The research presented in this section indicates that the FeOx surface under 

investigation contains both Fe2+ and Fe3+ sites (4). H2S exposure at 115 K results in 

Sa formation at Fe2+ sites and SHa formation at Fe3+ sites, for all H2S exposures. 

Subsequent Cl2 exposure at 115 K results in displacement and desorption of Sa from 

Fe2+ sites while leaving Fe3+ sites (and SHJ unaffected. Pre-exposure of a clean 

FeOx surface to Cl2 at 115 K blocks Sa formation, but not SHa formation, indicating 
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that S, and Cl2 compete for the same absorption sites (Fe2+). In contrast, pre-

exposure to H20 at 115 K blocks SH, formation but does not affect Sa formation. 

This result indicates that H20 blocks SHa formation, but does not inhibit Sa formation 

at Fe2+ sites. Pre-adsorption of varying amounts of H20 does not affect the sticking 

coefficient of Cl2 at 115 K. This indicates either that H20 does not block Cl2 and 

H2S adsorption at Fe2+ sites, or that H20 is readily displaced from Fe2+ sites, but not 

from Fe3+ sites. 

2.3.2 Results and Discussions 

The XPS spectrum of the Fe(2p3/2) peak for FeOx at 115 is shown in figure 12. 

We present the results of this investigation in four parts: (A) adsorption of H2S on a 

clean FeOx surface; (B) adsorption of H2S on a FeOx surface pre-exposed to chlorine; 

(C) adsorption of H2S on a FeOx surface pre-exposed to H20; (D) adsorption of H2S 

on a FeOx surface pre-exposed to both chlorine and H20. 

(A) Adsorption of H?S on a clean iron oxide surface 

Typical XPS spectra generated following adsorption of H2S on iron oxide 

surface at 115 K for very low (0.002 L) and high (0.2L) exposures are shown in 

figure 16. The low exposure peak is too broad to fit to a single peak. The FWHM is 

3.7 eV, compared to the FWHM of 2.1 eV that is observed for Sa on Fe (section 2.2) 

under similar instrumental conditions (11). This indicates that more than one S 

bonding environment is present. Based upon the results in section 2.2 for H2S on a 

clean Fe(poly) surface (11), we have fitted the XPS spectra with two peaks at 162.6 
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eV (SJ and 164.6 eV (SHJ with FWHM of 2.1 eV. Although the fit to two peaks is 

satisfactory, the relatively low signal-to-noise indicates that the presence of a small 

amount of molecularly adsorbed H2S can not be ruled out at high exposures. At low 

coverages, two S(2p) XPS peaks at 162.6 eV due to S, (see sec. 2.2) (11) and at 

164.4 eV due to SH„ (see sec. 2.2) (11) are observed (fig. 16a). Both features have 

similar FWHM and are almost equal in intensity. At high exposures, both XPS peaks 

increase in intensity by equal amounts (fig. 16b). These results are in contrast with 

our results in sec 2.2 (11) on a clean Fe metal surface and with the results reported 

for Pt (9,19), Ni (8), and Mo (10) metal surfaces. On Fe and other metal surfaces, at 

low H2S exposures, only a single S(2p) XPS peak at 162.6 ev due to Sa is observed 

(see sec. 2.2). At higher coverages, a second peak appears at 164.4 eV indicative of 

SH,. As indicated in section 2.2, the occurrence of SHa at higher coverages is 

reportedly due to the requirement of an ensemble of vacant surface sites for complete 

H2S dissociation (9). The fact that even at low coverages, two S(2p) XPS peaks are 

observed on FeOx surface exposed to H2S at 115 K indicates that there are two types 

of H2S adsorption sites on the FeOx surface which have equal sticking coefficient at 

115 K for all coverages. 

The XPS Sa(2p)/Fe(2p,/2) intensity ratio as a function of H2S exposure is 

shown in fig. 17a for FeOx and in fig. 17b for Fe. Figure 17 indicates that both FeOx 

and Fe surfaces saturate. The FeOx surface saturates at 0.45 L of H2S exposure while 

the Fe surface saturates at 0.62 L of H2S exposure. This result is consistent with the 

Fe surface having more active sites available for S adsorption than the FeOx surface. 
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Figure 16. Sulfur 2p XPS spectra obtained following the adsorption of H2S at 115 K 
on the FeOx surface: (a) low H2S coverage (0.002L) showing two S(2p) peaks at 
162.6 eV due to Sa and at 164,4 eV due to SHa- (b) High coverage (0.2L) of H2S 
showing the same two peaks as in (a) but with increased intensity. 
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Figure 17. XPS peak intensity ratio (Sa(2p)/Fe(2p3/2)), as a function of H2S 
exposures at 115 K: (a) for FeOx, and (b) for clean Fe foil. The FeOx surface 
saturates at about 0.45L of H2S exposure at 115 K while clean Fe (foil) surface 
saturates at 0.62L of H2S exposure at 115 K. 
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(B) adsorption of BUS on a iron oxide surface preexposed to chlorine 

The variation of CI coverage on FeOx with Cl2 exposure at 115 K is displayed 

in figure 18. 

Chlorine Exposure (L) 

Figure 18. XPS peak intensity ratio CL(2p)/Fe(2pj/2), as a function of 
Cl2 exposures at 115 K. The FeOx surface saturates at 0.2 L of Cl2 

exposure. 

Figure 18 indicates that FeOx surface saturates at 0.2 L of Cl2 exposure. XPS spectra 

of S(2p) for H2S adsorbed on a FeOx surface saturated with chlorine are displayed in 

figure 19. Figure 19 reveals that there is only a single S(2p) peak at 164.6 eV, 

identified as due to SHa on the FeOx surface (see sec. 2.2) (11). A second peak at 

162.6 eV due to Sa is not observed on the Cl-saturated surface. 
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Figure 19. XPS spectrum of S(2p) for H2S adsorbed at 115 K on FeOx surface 
saturated with CI. The XPS S(2p) peak at 162.6 eV due to Sa disappears while the 
peak at 164.4 eV due to SHa remains. 

The intensity of the Sa peak at 162.6 eV increases with constant H2S exposures as the 

coverage of pre-adsorbed CI is decreased. We did not observe any effect of chlorine 

exposure on the XPS peak at 164.4 eV. These results indicate that Cla blocks Sa 

formation but not SHa formation on FeOx. It was shown in section 2.2 that the 

chlorine displaces adsorbed Sa from the oxide surface even at 115 K with no effect on 

SHa (11). To further investigate the interaction of S and CI with FeOx surface, we 
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analyzed the Fe(2p3/2) XPS spectrum of FeOx sample as a function of Cl2 and H2S 

adsorption (fig. 20). The Fe(2p3/2) peak does not shift upon exposing FeOx to H2S at 

115 K (figure 20b). This result indicates that at 115 K, S„ does not bond strongly 

enough to Fe to withdraw additional significant electron density from the Fe2+ site. 

720 711 716 714 712 710 70S 70S 

Binding Energy (#0 

Figure 20. Fe(2p3/2) XPS spectra of FeOx: (a) clean FeOx (b) after exposing to H2S 
at 115 K (c) after exposing to CI at 115 K (d) after exposing to H20. In (c) and (d) 
the XPS peak shifts to higher binding energy by 0.62 eV and 0.4 eV respectively, 
while in (a), (b) no shift is observed. 
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But when the S, covered surface is annealed to 300 K and then cooled down to 115 

K, the Fe(2p3/2) peak does shift to higher binding energies indicating Fe-S bond 

formation and Fe2+ to Fe3+ oxidation. This result is in contrast to what occurs when 

the same FeOx surface is exposed to chlorine at 115 K. In this case the Fe(2p3/2) XPS 

peak does shift to higher binding energy by about 0.62 eV (figure 20c). This result 

indicates a strong Fe-Cl interaction at 115 K. The Cl-induced shift in Fe(2p3/2) 

binding energy indicates CI adsorption at Fe2+ sites, and Fe2+ to Fe3+ oxidation. The 

assignment of Cla to Fe2+ sites is corroborated by the fact that preadsorption of Cl2 

blocks formation of Sa, demonstrating that Cla and Sa compete for the same (Fe2+) 

site. 

(CI Adsorption of HoS on FeQ^ surface pre-exposed to H?Q 

H20 adsorption on clean FeOx at 115 K gives rise to a O(ls) XPS peak with 

binding energy at 534.0 eV, characteristic of molecularly adsorbed H20 (18). The 

O(ls) intensity due to H20 is well resolved from the O(ls) oxide peak at 530.7 eV, 

permitting unambiguous measurement of the H20 O(ls) intensity using our peak-

fitting procedures. The XPS 0(ls)/Fe(2p3/2) intensity ratio as a function of H20 

exposure at 115 K to the FeOx surface is shown in figure 21. The linear increase in 

adsorbate intensity with exposure is characteristic of HaO physisorption on many 

metal surfaces (18), and indicates an equal H20 sticking coefficient for adsorption on 

top of adsorbed H20 (H2OJ and at FeOx surface sites. The Fe(2p3/2) peak also shows 

a shift upon adsorption of H20 (1 L) at 115 K (fig. 20d). This shift is not as large as 

that observed for Cl2 adsorption (0.4 versus 0.62 eV), but does suggest a stronger 
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perturbation of surface charge for H20 versus H2S adsorption. However, a direct 

comparison is complicated because H20 adsorbed at 115 K forms multilayer clusters, 

even at small coverages (18), while H2S does not. 

The XPS S(2p) spectrum of FeOx surface exposed first to about 1.0 L of H20 

and then to 0.2 L of H2S at 115 K is shown in figure 22. The spectrum in figure 22 

consists of a of two peaks at 162.6 eV due to Sa and at 164.4 eV due to SHa with 

FWHM of 2.1 eV. The intensity analysis of these peaks indicates that adsorbed 

sulfur consists mainly of S, (84%). The amount of SH, on the FeOx surface is only 

16%. The signal-to-noise ratio (fig. 22) indicates that these relative intensities should 

be regarded as approximate. This result clearly indicates, however, that the 

preadsorption of H20 substantially inhibits the formation of SHa adsorption. 

Water Coverages on FeOx 

J I ml I I 1 >-
00 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1,0 1.1 

H ]0 exposure(L) 

Figure 21. XPS 0(ls)/Fe(2p3/2) intensity ratio as a function of H20 exposure at 115 
K. The linear increase in intensity with exposure indicates physisorption of H20 with 
equal sticking coefficient for adsorption on top of H2Oa and at FeOx surface sites. 
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Figure 22, XPS spectrum of S(2p) for H2S adsorbed at 115 K on FeOx surface pre-
exposed with 1.0 L of H20. Two S(2p) XPS peaks are observed. The peak at 162.6 
eV is due to Sa and is 84% of the total intensity. The intensity of the peak at 164.4 
eV due to SHa is only 16% of the total intensity. 
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(D) Adsorption of H?S on FeO, surface pre-exposed to ILO and C12 

XPS spectra of S(2p) for H2S adsorbed on FeOx pre-exposed to both water 

(1.0 L) and chlorine (0.2 L) is shown in figure 23. In this case no sulfur XPS peaks 

were observed. This indicates that H2S does not adsorb on the iron oxide surface pre-

dosed with both water and chlorine, implying complete passivation of FeOx surface 

sites towards H2S adsorption. To further distinguish the sites and their independence, 

we used XPS peak intensities to measure the amount of H20„ on FeOx resulting from 

a 1.0 L exposure at 115 K, for varying exposures of Cl2 (figure 24a). Figure 24a 

indicates that the H20 sticking coefficient is independent of chlorine coverages. We 

also examined the chlorine XPS peak on the oxide surface as a function of water 

exposure (figure 24b) and found that the chlorine XPS peak intensity is independent 

of water exposure on the oxide surface. These results indicate that both Cl2 and H2S 

displace H2Oa from Fe2+ sites at 115 K. However, H2Oa does block H2S adsorption at 

Fe3+ sites. 
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Figure 23. XPS spectra of S(2p) for H2S adsorbed at 115 K on FeOx pre-
exposed to saturation coverages of both water and chlorine. No sulfur XPS 
peaks are observed. 
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Figure 24. (a) XPS peak intensities of O(ls) for constant amount (1.0 L) of H2Oa at 
115 K as a function of Cl2 pre-exposure. No attenuation in O(ls) XPS intensity with 
increasing exposure to Cl2 is observed. This indicates that the H20 sticking 
coefficient is independent of CI coverages, (b) XPS peak intensities of Cl(2p) for 
constant Cl2 (0.2 L) exposure with varying pre-exposure of H20. No attenuation in 
Cl(2p) XPS intensity is observed indicating the independence of adsorption sites for 
CI and H20. 
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The results presented above show that H2S and Cl2 dissociate at Fe2+ sites at 

115 K, yielding Sa and CI,. H2S adsorbs at Fe3+ sites yielding SHa. Preadsorption of 

H20 blocks SHa formation but not Sa or Cla formation. This result is somewhat 

puzzling in light of the results of Somoqai's group (5) for H20 adsorption on single 

crystal Fe203, where dissociative chemisorption and OH formation were observed 

only at defect Fe?+ sites. An explanation of this apparent discrepancy is that H20 

actually adsorbs molecularly at both Fe2+ and Fe3+ sites at 115 K, but that CI and H2S 

readily displace H20 from the Fe2+ site. This explanation is born out by our XPS 

data for H2S coadsorption. The increase in H2Oa on FeOx as a function of exposure to 

H20 at 115 K (fig. 21) is consistent with equal H20 sticking probability at all sites, 

independent of coverage (18). This result is not unexpected at 115 K for H20 on an 

oxide surface. It is therefore unlikely that H20 adsorption occurs only at Fe3+ sites. 

Displacement of H2Oa from Fe2+ sites by Cl2 and H2S is indicated by the data in 

figures 23 and 24. Sa and Cla formation are independent of H20 coverage on the 

surface, while SHa formation is inhibited by pre-adsorption of H20. 

This explanation is consistent with the findings of Somorjai's group (5) and 

also implies somewhat different behavior for oxide surfaces at higher temperatures. 

At 300 K, Fe2"1" sites would be occupied by OH, species (5). We therefore expect that 

H20/C12/H2S interactions can be significantly altered by hydroxylation of the oxide 

surface. We are currently investigating such effects. 

A second result of interest is the finding that an activation barrier exists for the 

formation of Fe-S from Sa on the FeOx surface. CI will displace Sa from the surface, 
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provided that the sample is not annealed. Annealing prior to chlorine exposure results 

in a shift in the Fe(2p) XPS peak indicating Fe2+ — > Fe?+ oxidation (presumably due 

to increased Fe-S interaction) and no displacement of Sa upon exposure to chlorine. 

These results indicate that Fe-S bonds are formed at Fe?+ sites at some temperature 

between 115 K and 300 K. Metal-sulfur bond strengths on metals are quite high (9) 

and not readily broken by adsorption of other species (8,9). Such bonds are 

apparently formed at temperatures below 115 K on clean metal surfaces (8,9). The 

ready displacement of S, by chlorine on un-annealed FeOx surfaces indicates that the 

dissociative chemisorption pathway of H2S on FeOx differs substantially from the 

process on clean Fe. On the clean metal surface, the complete dissociation of H2S 

appears to occur coincident with Fe-S bond formation (11). On FeOx additional 

energy needs to be provided before S, can form strong Fe-S bonds. 

The exact mechanism whereby chlorine displaces S, from Fe2+ sites is not yet 

understood. We obtained some preliminary evidence which suggests that this is due 

to formation of a volatile S-Cl complex, possibly SC12 or SOCl2. The existence of 

such a reaction mechanism at higher temperatures may be of importance in 

understanding the corrosion of Fe oxides and steels in aggressive gaseous 

environments. SOCl2 formation, for example, would indicate etching of the oxide 

and could lead to localized breakdown of the protective oxide film. 
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2.3.3 Conclusions 

In summary, we have studied the site selective chemistry of H2S on FeOx 

surfaces pre-exposed to chlorine and water. XPS studies indicate that H2S dissociates 

on a clean FeOx surface at 115 K to form S, and SH„ at all coverages in contrast to 

clean metal Fe surface where only Sa was observed at low H2S coverages. This 

indicates two distinct sites for dissociation of H2S on FeOx surface. We have 

identified these two sites as Fez+ (SJ and Fe3+ (SHJ. Cl2 also dissociates at Fe2+ 

sites, yielding Cla. Pre-adsorbed H20 blocks SHa formation, but not Cla and Sa 

formation. The results indicate that both H2S and Cl2 displace H2Oa from Fe?+ sites 

at 115 K, but that H2Oa blocks H2S adsorption at Fe3+ sites. We also conclude that 

there is a significant activation energy for Fe-S bond formation at Fe2"1" sites from the 

Sa precursor in contrast to the situation for clean Fe (11). 

2.4 Interactions of Chlorine and H?Q on Fe Polycrvstalline Surfaces 

2.4.1 Introduction 

We present in this section XPS studies of the surface chemistry of H20 and 

chlorine on an Fe polycrystalline (Fe(poly)) surface (20). Section 3.3 describes TPD 

experiments which were also carried out to study these water-chlorine interactions at 

Fe polycrystalline surfaces (21). 

The interactions of H20 with chemically modified metal surfaces under 

controlled ultra-high vacuum (UHV) conditions is of considerable importance for the 

understanding of corrosion processes. Depth profiling studies of passivation films on 
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steels (22) indicate that the presence of halide species at the oxide/solution interface 

greatly alters the structure and the depth of the film. Previous studies of halide-water 

interactions on Ag surfaces (18,23) involved co-adsorption at low temperatures, in 

order to stabilize adsorbed molecular water under UHV conditions. A general feature 

of the previous work is that there is little difference, if any, whether the halogen or 

halide species or the H20 molecule is adsorbed first on the metal surface (18). The 

result appears to be halide-induced stabilization of H20 on the surface at low 

temperatures, with little apparent effect on the higher temperature H20-surface 

reaction pathways. We are aware of no previous studies of chlorine or chloride 

coadsorbed with water on the Fe surface. Dwyer et al. (13) have studied the effects 

of chemisorbed O (OJ on the hydroxylation of Fe. O, stabilizes hydroxide groups at 

temperatures below 300 K in UHV, but does not promote bulk oxidation. There is 

therefore little understanding as how impurities alter the initial H20 surface 

chemisorption pathways to induce breakdown of the passivating OH layer. 

We present here XPS data which show that C12-H20 interactions at the Fe 

surface result in stabilization of an OH-C1 complex on the Fe surface to about 700 K. 

In contrast, the removal of OHa and H20„ from a clean Fe surface is observed by 300 

K under UHV conditions (13). This interaction is only observed if H20 is adsorbed 

first on to the Fe surface, and is due to the disproportionation of chlorine at or within 

the ice layer. Half the CI desorbs below 200 K, possibly as HC1. An OH-C1 

complex is also formed, and remains chemisorbed on the iron surface to about 700 K 

under UHV conditions. Our data suggest that such OH-C1 complex formation might 
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significantly alter the compositions of the film formed by hydroxylation. 

2.4.2 Results and Discussions 

To examine H20-C1 interaction on an Fe(poly) surface as a function of dosing 

sequence, the following experiments were performed: (A) the sample was first 

exposed to H20 and then to chlorine (Cl2/H20/Fe) at 115 K followed by sample 

heating; (B) the sample was first exposed to chlorine and then to H20 (H20/Cl2/Fe) at 

115 K followed by sample heating. 

(A) Fefoolv) sample exposed to H.O first then CL rCWH.O/Fel 

Exposures of H20 (0.2 L) and chlorine (0.6 L) reported in this paper cannot 

be directly related to flux to the surface since no calibration was carried out for doser 

enhancement due to directional dosing. However, TPD studies of H20 on the same 

Fe surface (21) indicate that a 0.2 L H20 exposure results in a substantial multilayer 

formation at 115 K. XPS studies of Cl2 adsorption on a clean Fe surface indicate that 

a 0.6 L exposure of Cl2 at 115 K corresponds to about 80% of saturation intensity or 

just less than a monolayer. 

Figure 25 shows the oxygen Is, O(ls), spectrum generated following 

adsorption of H20 (0.2 L) on clean Fe surface at 115 K. The peak at 533.20 eV 

binding energy is identical to that found for condensed water on polycrystalline Fe 

and various other metals (24). To examine the effect of dosing sequence, the sample 

was first exposed to H20 (0.2 L) then to chlorine (0.6 L) at 115 K, and the O(ls) 

XPS spectrum was recorded. This 0(1 s) XPS spectrum is displayed in fig. 26a. This 
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spectrum is identical to that obtained for H20 exposure with no chlorine on the 

surface (fig 25). This result indicates that H20 and chlorine do not strongly interact 

on the polycrystalline iron surface at 115 K. 

To investigate H20-chlorine interactions at higher temperatures, the sample 

was sequentially annealed up to 700 K and O(ls) XPS spectra were recorded. The 

O(ls) XPS spectra are displayed in figs. 26b-26e. The spectra displayed in fig. 26 

clearly represent multiple peaks incompletely resolved. Fig. 26 shows that heating 

induces a shift in binding energy of the O(ls) spectrum, and at 700 K (fig. 26e) two 

features are observed. The feature at 530.3 eV is identified as due to 0„ on the basis 

of previously reported results for a variety of metal (24). The shoulder at 532.2 eV 

is assigned to OH, on the basis of the results of Fuggle et al. (24). Experimental 

spectra have therefore been fitted with peaks at 533.3 (adsorbed H20 (H2OJ), 532.2 

(OHJ and 530.3 eV (OJ with FWHM of 2.48 eV. 

The results of the peak fitting procedure corroborate that heating the 

Cl2/H20/Fe adlayer to 200 K (fig. 26b) results in decomposition of some of the H2Oa 

to form OHa and Ov Further heating to 300 K results in the complete removal of 

H2Oa from the surface. This is consistent with the results of Dwyer et al. (13) for 

H20 on a clean Fe surface. However, the spectra in fig. 26 show that for Cl2/H20/Fe 

some OHa remains on the surface to 700 K under UHV conditions. Previously 

reported data (13) indicate that molecularly adsorbed H20 on a clean Fe surface 

desorbs below 250 K and hydroxide species reduce to oxides at 300 K. Therefore the 

XPS peak at 532.2 eV at 700 K must represent OH stabilized by adsorbed chlorine. 
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Figure 25. Oxygen O(ls) spectrum obtained following the adsorption of water at 
115 K on an Fe surface. The peak at 533.2 eV is due to molecular H20 while the 
peak at 530.3 eV (not fitted) is due to Oa on an Fe polycrystalline surface. 
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Figure 26. Oxygen O(ls) XPS spectra obtained following the adsorption of HzO (0.2 
L) then chlorine (0.6 L) at 115 K on an Fe surface: (a) showing a single O(ls) peak 
at 533.2 eV due to adsorbed HzO at 115 K. (b-e) showing multiple peaks upon 
heating sequentially to 700 K. At 700 K (e) two features are observed at 530.3 eV 
due to O. and at 532.2 eV due to OHa. 
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Analysis of the chlorine relative peak intensities (Cl(2p)/Fe(2pj/2) as a function 

of temperature is presented in fig. 27. The data show that about 50% of the chlorine 

has desorbed from the surface below 200 K. This result indicates that at least two 

forms of chlorine are presented for Cl2/H20/Fe, with at least one form desorbing 

from the surface below 200 K. 
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Figure 27. Peak intensity ratios, Cl(2p)/Fe(2p}/2), for Cl2/H20/Fe surface as a 
function of temperature showing desorption of about 50% of chlorine below 200 K. 
Error bars are obtained by repeating the experiments. 
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(B) Fe sample exposed first to chlorine and then H.O (H^O/CL/Fet 

The results presented above are in contrast to those obtained if the exposing 

sequence is reversed to first chlorine (0.6 L) and then water (0.2 L). The XPS data 

for the H20/Cl2/Fe surface at 115 K are presented in fig. 28a. In figure 28a, the 

O(ls) XPS peak is observed at 533.2 eV in good agreement for the Cl2/H20/Fe (fig. 

26) and for H20 on a clean Fe surface (fig. 25). Figure 28b shows that as the sample 

is heated to 200 K some of the water dissociated to form Oa as indicated by the XPS 

peak at 530.8 eV. Further heating of the sample to 300 K results in complete loss of 

H20 and OH at the surface as shown in figure 28c. The removal of OH, from the 

surface by 300 K (fig. 28) closely resembles results for H20 on clean Fe (13). The 

behavior of Cl2 on this surface also differs markedly from that observed for 

Cl2/H20/Fe. The Cl(2p)/Fe(2p3/2) XPS intensity ratio is shown in figure 29 as 

function of sample temperature. There is no significant change in Cl2 coverage with 

temperature to 700 K. 

A comparison of figs. 27 and 29 offers insight into the differing behaviors of 

the Cl2/H20/Fe and H20/Cl2/Fe surfaces. Hino and Lambert (15) have demonstrated 

that exposure of Fe to Cl2 at 300 K results in FeCl2 formation. 
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Figure 28. Oxygen O(ls) XPS spectra obtained following the adsorption of chlorine 
then water on an Fe surface: (a) at 115 K, O(ls) peak is observed at 533.2 eV same 
as for adsorbed water at 115 K on a clean Fe surface (b) showing two peaks upon 
heating to 200 K indicating dissociation of water, (c) showing complete loss of water 
at 300 K. 
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Figure 29. Peak intensity ratios, Cl(2p)/Fe(2ft/2), for H20/Cl2/Fe surface showing 
no loss of chlorine at 300 K. Errors bars are obtained by repeating the experiments. 

Our XPS spectra for Cl2/Fe agree with those reported by Lambert (15) for 300 K. 

Our data, therefore, indicate that exposing the clean iron surface to Cl2 at 115 K 

results in the formation of an FeCl2 surface layer (15). Figure 29 indicates that for 

H20/Cl2/Fe there is no desorption of chlorine below 500 K in agreement with 

previously published results for the desorption of FeCl2
+ from a partially chlorinated 

Fe surface (15). This is supported by our TPD results (21) in section 3.3 which show 

the desorption of FeCl2 species at 585 K. The pre-adsorption of H20 at 115 K 

apparently prevents some or all Cl2 from forming Fe-Cl bonds. This is corroborated 

by our TPD data in section 3.3 which show that an increasing coverage of molecular 

H20 inhibits both FeCl2 formation. Based on our results, we propose that when the 

Fe surface pre-exposed to H20 is exposed to Cl2 at 115 K, disproportionation of Cl2 
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near the surface or in the ice layers occurs as follows: 

Cl2 -» Cl+ + Cl" 

Cl" + H20 -> (HCl)a + OH-

OH" + Cl+ -* (OH-C1), 

This mechanism is corroborated by the data in figure 30. At 115 K, the 

Cl2/H20/Fe adlayer yields a Cl(2p) signal (fig. 30a) which is significantly broader 

than that obtained for H20/Cl2/Fe (fig. 30b) or HCl/H20/Fe (fig. 30c). The Cl(2p) 

XPS signal for HCl/H20/Fe (fig. 30c) is shifted to higher binding energy than that for 

H20/Cl2/Fe (fig. 30b). A comparison of the three figures indicates that the 

broadening observed for Cl2/H20/Fe signal is due to formation of HC1 and other 

chlorine containing species within the adlayer. For HCl/H20/Fe, warming to 200 K 

results in HC1 desorption. This is consistent with the 50% decrease in Cl(2p) 

intensity observed for Cl2/H20/Fe upon heating (fig. 27) being due to desorption of 

HC1. 

The stabilization of OH by chlorine may be attributed to the presence CI or 

Cl+ within the multilayer, because the behavior of the H20/Cl2/Fe system 

demonstrates that Fe-Cl groups exert no such influence. The exact form of the OH-

C1 complex cannot be inferred from the data presented here. The above reaction 

sequence simply indicates that complexation occurs with CI or Cl+ within the 

multilayer, and not with Fe-Cl. 

Temperature programmed desorption was also used to study the interaction of 

H20 and Cl2 on the Fe polycrystalline surface. This study is presented in chapter 3. 
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Figure 30. Cl(2p) XPS spectra obtained at 115 K showing broadening of Cl(2p) XPS 
peak for (a) (Cl2/H20/Fe surface) compared to that for (b) (H20/Cl2/Fe surface) or (c) 
(HCl/H20/Fe surface). Peak (c) shows a shift of 0.6 eV for HCl/H20/Fe surface 
compared to (b). 
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2.4.3 Conclusions 

In summary, our XPS data indicate that chlorine present on the Fe surface in 

Fe-Cl bonds has no significant effect on the H20 chemisorption process, under UHV 

conditions. The TPD studies (21) in section 3.3 reveal that Cl2 acts as a site blocker 

to the adsorption of H20. However, our results have shown that if H20 is 

molecularly adsorbed at the surface before reaction with impurities, significantly 

different pathways may occur. This is apparently due to H20-C12 reactions within the 

multilayer and strongly suggests that the solvation of impurities by H20 at or near the 

metal surface is a significant process in corrosive chemistry. TPD experiments have 

been carried out to study the interactions of H20-C12 on polycrystalline Fe surfaces in 

greater detail (21). These studies are presented in section 3.3. 
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CHAPTER III 

AES AND TPD STUDIES OF THE INTERACTIONS OF O,, 02, AND H20 ON Fe 

POLYCRYSTALLINE SURFACES 

3.1 Experimental 

Experiments were performed in a turbo-molecularly pumped stainless steel 

ultra-high vacuum (UHV) chamber (figure 31). This chamber is equipped with a 

CMA Auger spectrometer (PHI model 10-150), a quadrupole mass analyzer (UTI 

model 100c), an argon ion sputter gun (PHI model 04-161). The base pressure after 

bake-out was 3 X 10"10 Torr. Background pressure was monitored using a nude ion 

gauge calibrated for dinitrogen. The polycrystalline Fe foil was spot-welded to two 

liquid-nitrogen cooled tantalum leads. The sample temperature was monitored by a 

chromel-alumel thermocouple spot-welded to the back of the sample. The sample 

temperature was varied between 85 K and 1000 K by the combination of resistive 

heating and LN2 cooling. The iron foil was cleaned by Ar+ sputtering using a 1.5-kV 

beam at a current of 20 Ma followed by annealing at 800 K. Auger spectroscopy was 

used to monitor surface cleanliness (figure 32). Figure 32 is an Auger spectrum of 

the Fe polycrystalline surface showing clean starting conditions. Auger spectra were 

recorded at 3 KeV beam energy. TPD spectra were recorded with a computer 

controlled linear heating rate of 10 ± 2 K/s. The quadrupole mass analyzer used for 

the TPD studies was equipped with a gold-plated shroud with a collimated opening 
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(sample was positioned at a distance of 1 cm in front of this opening) for line of sight 

desorption measurements. Gas exposures were carried out using separate stainless 

steel directional dosers. To minimize contamination from the doser and gas manifold, 

repeated long term exposures were used and gases were changed frequently between 

the experiments. Exposures were measured in terms of time and chamber background 

pressure (1 L = 10"6 Torr • s). 

The Fe oxide sample was prepared by in-situ oxidation of the clean Fe foil. 

The oxidation was accomplished by heating the Fe sample to 900 K in 10"5 Torr of 

pure oxygen (99.999%) for 10 min. The oxide sample was prepared following the 

same procedure used in our XPS studies described in section 2.1. These studies 

indicated that the oxide formed through this procedure produces a film composed of a 

mixture of Fe+2 and Fe+3 sites. In the absence of more exact compositional 

information, the oxide film was referred as FeOx. 

3.2 Interactions of Q. and Ck on an Fe Surface 

3.2.1 Introduction 

The role of adsorbed chlorine or other halogens in destroying the passivity of 

Fe and steel surfaces is of considerable technological importance. As we have 

indicated previously (sec. 2.4), the structure and depth of surface films formed on 

steels in aqueous environments is directly affected by chloride and other halide 

species in solution (1). 
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The detailed reaction mechanism(s) whereby CI initiates or enhances corrosion of the 

Fe surface is therefore of significant interest. There have been numerous surface 

science investigations of the interaction of chlorine and other halogens with Fe (2-5) 

and other transition metal surfaces (2,6) under UHV conditions. Previous studies (3) 

of Cl2 reaction with an Fe polycrystalline (Fe(poly)) surface at 300 K reported the 

formation of FeCl2, with desorption of FeCl2 occurring at 585 K for high chlorine 

coverages. Subsequent studies (4) of Cl2 reaction with an Fe(110) surface 

demonstrated that FeCl2 formation is initiated at surface defect sites. However, 

dissociatively adsorbed chlorine (C1J appears to do little towards activating transition 

metal surfaces toward dissociation of molecular adsorbed H20 (H2OJ under UHV 

conditions (2,5,6). X-ray photoelectron spectroscopy (XPS) and TPD studies (5,7) 

showed only weak interaction of H20, with a chlorinated Fe(poly) surface (see sees. 

2.4, 3.3). A strong interaction was only observed when Cl2 was adsorbed onto a H20 

multilayer, and underwent subsequent disproportionation. This relative inertness of 

Cla (compared to adsorbed oxygen (OJ) on a metal surface may be attributed to the 

zero valent nature of the adsorbate (2,6). Combined immersion/UHV studies (8) on 

ordered Fe-Ni-Cr surfaces in chloride-containing aqueous solutions indicate the 

preferential formation of Ni- and Fe-chlorides (8), but did not elucidate the role of Cla 

in initiating localized corrosion ("pitting") (8). The exact role of CI, in the corrosion 

of Fe surfaces therefore remains to be determined. 

We report here interactions between Oa and CI. on an Fe polycrystalline 

(Fe(poly)) surface leading to the formation of an Fe oxychloride species below 240 K. 
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This is, to our knowledge, the first direct evidence for an interaction between Oa and 

CI, resulting in the removal of Fe from the polycrystalline surface. For surfaces with 

Oa, two desorption peaks for FeCl2 (amu 126) are at 240 K and 585 K. This result 

suggests that the observation of FeOCl and FeCl2 desorption at 240 K is due to the 

desorption of a single parent Fe oxychloride species. For surfaces without Oa, only 

FeCl2 desorption at 585 K is observed, indicating that the chemisorbed or "low 

coordinate" oxygen plays an important and previously unsuspected role in chloride 

corrosion of ferrous materials. The extreme volatility of the Fe oxychloride also has 

definite implications for the production of and transport of metal-containing particles 

in chlorinating environments during semiconductor processing and related industrial 

environments. We present here, evidence for Fe oxychloride formation and 

desorption from the surface due to a reaction between O, and Cla. 

3.2.2 Results and Discussions 

We present the results of this investigation in three subsections: (A) (>2 and Cl2 

adsorption on a clean Fe(poly) surface at 90 K; (B) Cl2 adsorption on an oxygen pre-

dosed Fe(poly) surface; (C) 0 2 adsorption on a chlorine pre-dosed Fe(poly) surface. 

(A) Q, and Cl? adsorption on a clean FeCpoly) surface at 90 K 

In order to relate observed exposures to surface coverage, Auger spectra (O 

KLL, CI LMM and Fe LMM) were recorded as a function of exposure of the Fe 

surface to 0 2 or Cl2 at 90 K (fig. 33). The initial linear behavior of the oxygen 

uptake curve (fig. 33a) indicates a constant sticking coefficient until the approach of 
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saturation. These results (fig. 33a), show that an exposure of 0.2 L corresponds to a 

saturation coverage, designated as a monolayer (ML). Previous oxidation studies (9) 

on Fe indicate that the apparent saturation in oxygen Auger intensity in fact 

corresponds to the formation of a surface layer of chemisorbed oxygen, rather than 

the growth of an oxide film of constant stoichiometry. Observed variation in CI 

intensity with exposure (fig. 33b) suggests more complex behavior. These results 

must be regarded with considerable caution, due to electron beam-induced damage of 

Cl/Fe at 90 K (4). Our TPD results yielded Cl2 desorption at 110 K and FeCl2 

desorption at 585 K, in close agreement with published results for Cl2/Fe(110) (4). 

Previous studies (3,4) demonstrate that dissociatively adsorbed chlorine (C1J on clean 

Fe does not result in Cl2 desorption. We therefore conclude that at least some Cl2 is 

molecularly adsorbed on Fe(poly) at 90 K, as on Fe(110) (4). 

(B) Cl? adsorption on an oxygen pre-dosed FefPoly) surface 

TPD results are displayed in figure 34 for Cl2 desorption and in figure 35 for 

FeOCl and FeCl2 desorption. These data were recorded for a constant Cl2 exposure 

(0.01 L) at 90 K as a function of varying oxygen coverage. The yield of desorbed 

Cl2 from a constant Cl2 exposure decreases with increasing oxygen coverage (fig. 34). 

The shape of the peak indicates a zero order desorption process, rather than 

recombination of CI,. Fig. 34 therefore indicates that O, inhibits the molecular 

adsorption of Cl2 on Fe at 90 K. 
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The results in fig. 35 show that two Fe-containing species are desorbed from the 

surface. FeOCl desorption is observed only from oxygen-predosed surfaces, and only 

at low temperatures (240 K, fig. 35a). FeCl2 desorption is observed at both low (240 

K) and high (585 K) temperatures. However, the intensity of the 240 K FeCl2 peak 

decreases with decreasing oxygen coverage. This dependence on oxygen coverage 

indicates that the desorption of Fe-containing species at low temperatures is induced 

by the presence of Oa. The correspondence of the low temperature FeCl2 and FeOCl 

desorption peaks strongly suggests that both observed species are decomposition 

products of a parent Fe oxychloride species desorbing at this temperature. The 

invariance of the 585 K FeCl2 peak with oxygen coverage (including zero coverage) 

indicates that at 585 K the true desorbing species is FeCl2 and that this desorption 

process is not induced by Oa. 

(C) Oo adsorption on a chlorine pre-dosed Fe(polv') surface 

In order to determine whether the low temperature adsorption mechanism 

involved Cl2jl (i.e., molecularly adsorbed) or Cla (dissociatively adsorbed), the 

following experiment was performed. A clean Fe surface was exposed to Cl2 at 90 K 

and then annealed to 150 K to remove any molecularly adsorbed Cl2 (4). The 

chlorinated Fe surface was then cooled to 90 K and exposed to 02. The results are 

shown in fig. 36 and indicate the desorption of both FeOCl and FeCl2 from the 

surface at 240 K, as well as the desorption of FeCl2 at 585 K. The similarity of the 

results in fig. 35 and fig. 36 demonstrates that Fe oxychloride formation at low 

temperatures specifically involves dissociatively adsorbed CI (CI.). 
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The results presented in the above three subsections demonstrate that reactions 

between Cla and Oa result in the desorption of an Fe-containing species from the Fe 

surface at 240 K under UHV conditions. This desorption temperature is considerably 

less than that observed in the absence of oxygen (550 K or higher for FeCl2 (3,4)). 

This is also considerably less than the temperature required for the synthesis of bulk 

FeOCl (approximately 550 K) from FeCl3 and F e ^ (10). One issue which remains 

unresolved is the true nature of the desorbing species at 240 K. The similarity of the 

FeOCl and FeCl2 desorption curves at this temperature argue that both species are 

fragmentation products of a parent Fe oxychloride ion, as does the fact that no FeCl2 

desorption is observed at 240 K in the absence of oxygen. However, no higher mass 

fragments corresponding to, e.g., Fe(OCl)3 were observed. This may reflect the 

absence of such an entity, or simply instability in the ionizing chamber of the mass 

spectrometer. 

These results are significant for the areas of corrosion and contaminant free 

manufacturing (CFM). Pitting, or corrosion at localized areas on the surface, is a 

well-known and significant problem in chlorinating environments (1). Conventional 

models of Fe corrosion in such environments (11) ignore the possible role that surface 

oxygen or oxide species might play in such a process. Combined 

electrochemical/UHV studies (8) concluded that the presence of chloride ions in the 

aqueous environment were not sufficient, of themselves, to induce pitting. Our 

results, however, indicate that the interactions of chlorine and water at the Fe surface 

contrast markedly with those observed for chlorine and oxygen. In sections 2.4 and 
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3.3 we present XPS and TPD results, respectively, which demonstrate little 

interaction between Cla and either H2Oa or OHa (5,7). A strong interaction was only 

observed following the initial physisorption of H20 and the subsequent 

disproportionation of adsorbed Cl2 (5). A possible explanation of these observations 

is that Oa oxidizes CI, to produce a reactive hypochlorite (OC1) species, whereas H2Oa 

or OH, will not. The results reported here therefore strongly suggest that the partial 

oxidation of localized surface areas in the presence of chlorides may well be required 

for the onset of such phenomena. On this point we note electrochemical studies 

(12,13) which demonstrate that the onset of pitting in halide environments depends not 

on surface potential, but on the composition of the surface oxide film. 

The control of metal particle formation and transport is an issue of 

considerable importance for the contaminant-free manufacture of semiconductor 

materials. Cl2 and HC1 gases are frequently used in such processing, and are 

generally transported to the processing chamber through stainless steel tubing. Since 

both Fe and Cr are known to form oxychloride complexes (14), the formation and 

transport of volatile metal oxychlorides may be a significant problem at temperatures 

far below that required for the volatilization of metal chlorides from chlorinated 

surfaces. 

3.2.3 Conclusions 

We conclude the following: 

(1) The interaction between 0 , and Cla gives rise to formation of an Fe-containing 
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species which desorbs from the Fe(poly) surface at 240 K. This is 

significantly below the 550 K desorption temperature observed for FeCl2 

desorption in the absence of oxygen. 

(2) The exact identity of the desorbing species at 240 K is not yet known. The 

correspondence of the desorption curves and the required presence of O, 

strongly suggest that a single parent oxychloride species gives rise to both the 

observed FeOCl and FeCl2 desorption at 240 K. However, mass spectrometry 

studies have not identified a higher mass fragment which might be the parent 

ion. 

(3) Interactions between O, and CI, are significantly different from those observed 

for OH, or H20,and CI, (5,7). The interactions of CI already adsorbed on the 

Fe surface with subsequently adsorbed H20 or OH are weak (5,7). This 

suggests that the presence of low-coordinate oxygen at surfaces may explain 

some of the observed pitting phenomena in chlorinating environments. The 

apparent volatility and lower desorption temperature for the Fe oxychloride 

species may also be of importance to the control of metal particle 

contamination in semiconductor processing. 
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3.3 Interactions of GL. and H.O on an Fe surface 

3.3.1 Introduction 

Our Auger electron spectroscopy (AES) and temperature programmed 

desorption (TPD) studies (15), presented in section 3.2, of chlorine-oxygen 

interaction on polycrystalline Fe surfaces indicate the importance of adsorbed oxygen 

in chlorine attack on the surface. The data show that in the presence of both oxygen 

and chlorine the desorption of Fe oxychloride is observed at 240 K. However, in the 

absence of oxygen, FeCl2 desorption is observed at 585 K. These results indicate that 

chemisorbed oxygen plays a significant and previously unsuspected role in chlorine-

induced degradation of the Fe surface. As we indicated in section 3.2, these results 

provide a microscopic explanation for the electrochemical studies of Bardwell, et al 

(12,13) which demonstrate that the halide-induced pitting is dependent on the state of 

the surface oxide film rather than the surface potential. Our UHV results (see sec. 

2.4) (15) are also consistent with the combined electrochemical/UHV results of 

Harrington et al (8) which show that the presence of chloride ions in aqueous solution 

are insufficient to initiate pitting in the absence of oxygen. 

Our XPS results in section 2.4 (5) indicated a strong C1-H20 interaction in the 

presence of pre-adsorbed H20 on the Fe surface, resulting in the stabilization of an 

OH-C1 complex to temperatures above 600 K in UHV. In contrast, a weak C1-H20 

interaction was observed when Cl2 was pre-adsorbed on the surface resulting in the 

removal of OHa and H2Ow by 300 K. In view of the important role of O, in CI attack 
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of the Fe surface (see sec. 3.2) (15), we wished to probe H20-C12 interactions in 

greater detail. In particular, we wished to see if the low temperature volatilization of 

the Fe surface could occur in the presence of H20 and CI, and the extent to which Cl„ 

enhances or inhibits the dissociation of H20(a). 

In this section we report a more detailed investigation of water-chlorine 

interaction at polycrystalline Fe surfaces in light of our results in section 3.2 

concerning Fe oxychloride formation (15). We have carried out TPD and AES 

experiments to study the interaction of H20 and H20-chlorine with polycrystalline Fe 

surfaces. In this section we display evidence (7) of Fe oxychloride formation at low 

temperatures (240 K) as a result of C12-H20 interaction at the Fe(poly) surface, but 

only for low pre-exposures of both Cl2 and H20. The observation of both FeOCl 

(amu 107) and FeCl2 (amu 126) desorption at 240 K suggests that these species are 

decomposition products of a single parent Fe oxychloride species, as previously 

reported (15). Our data indicate that the sequence of Cl2 and H20 dosing affects TPD 

spectra. In the presence of pre-adsorbed H20 at 90 K an Fe oxychloride desorption 

peak is observed at low H20 coverage only. Increasing H20 pre-exposures inhibit 

both Fe oxychloride and less rapidly, Fe chloride formation. For low pre-exposures 

of chlorine we also observe an FeOCl desorption peak at 240 K, but when the 

chlorine coverage is high only an FeCl2 desorption peak is detected at 585 K. These 

results indicate that CI and H20 adsorb at and passivate surface sites toward Fe 

oxychloride formation. The H20 dissociation to O, is inhibited by increasing 

adsorbate coverage. 
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3.3.2 Results and Discussions 

Chlorine and water exposures were measured in terms of time and chamber 

background pressure (1 L = 10"6 Torr • s). These values were corrected for ion 

gauge sensitivity relative to N2. The total enhancement factors for the corrections of 

H20 and Cl2 exposures respectively were calculated based on the assumption that the 

sticking coefficient of H20 and Cl2on clean Fe at 90 K is unity (2,16). Based on 

this, 1 L of exposure corresponds to 1 monolayer coverage. The total enhancement 

factor for the H20 exposures was obtained using the observation that 0.002 L 

(measured exposure) corresponds to saturation coverage (fig. 37). It is at this point 

that the intensity of the H20 desorption peak at 205 K saturates. At higher exposures, 

a multilayer peak at 175 K is observed. The obtained total enhancement factor value 

was 500. Therefore all the measured exposures of H20 were multiplied by this value 

to obtain a better estimate of the real exposures. Similarly, the value of the 

enhancement factor for the Cl2 exposures was then obtained using the observation that 

0.003 L (measured exposure) corresponds to saturation coverage at 90 K as observed 

by AES (fig. 38). However, these results in fig. 38 must be regarded with 

considerable caution, due to electron beam-induced damage of Cl/Fe at 90 K (4). 

The measured Cl2 exposures were then multiplied by a total enhancement factor value 

of 333 to obtain the real exposures. The fact that this value is smaller than the total 

enhancement factor for H20 is due to different ion gauge sensitivities relative to N2 

(S(C12)/S(N2) = 2.42; S(H20)/S(N2) = 0.71 (17), different flux to the surface, and 

different sample-doser tube position for H20 vs Cl2 exposures. 
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We present the results of this investigation in three subsections: (A) interaction 

of water with a clean polycrystalline Fe surface; (B) adsorption of chlorine on a water 

pre-dosed Fe(poly) surface; (C) adsorption of water on a chlorine pre-dosed Fe(poly) 

surface. 

(A) HX) adsorption on a clean Fefpohrt surface. 

Figure 32 is an Auger spectrum of the Fe(poly) surface showing clean starting 

conditions. The adsorption/desorption behavior of H20 on an Fe(poly) surface was 

studied using TPD. The TPD spectra of H20 adsorbed at 90 K onto clean Fe(poly) 

are shown in fig. 37 H20 and H2 are the only evolved species observed (figs. 37a, 

37b). The TPD spectra of H20 (fig. 37a) show for low H20 exposures (0.65 - 1.0 L) 

a single desorption peak at 205 K. The intensity of this peak increases with 

increasing exposure, and reaches a maximum at 1.0 L. A comparison of this peak 

with previously reported data (18) for the adsorption of H20 on an Fe(100) surface 

indicates that the H20 desorption peak at 205 K is due to the desorption of 

molecularly adsorbed H20 from the Fe(poly) surface. At higher exposures a lower 

temperature desorption peak is observed at 175 K. This peak is indicative of the 

formation of a multilayer on the surface. The temperature observed for the ice 

desorption peak falls in the region 150-175 K which is commonly assigned to 

sublimation of ice on iron and other metals (6,18). 

Our H20 desorption spectrum (fig. 37a) resembles the H20 desorption 

behavior for 0/Fe(100), but only for O coverages > 0.78 monolayers (16). 

However, our surfaces were free of 0„ since the surface was always cleaned by 
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sputtering/annealing between TPD cycles until an Auger spectra like that of figure 32 

was observed. In addition, the observation of H2 desorption from our surface (fig. 

37) is in contrast to the lack of H2 desorption for the 0/Fe(100) surface (16). 

Fig. 37b shows the H2 desorption spectra. A broad desorption peak is 

observed at 385 K . The H2 desorption increases in intensity with increasing H20 

exposure only up to 1.0 L. The H2 desorption peak for 0.65 L H20 exposure is 

proportionally higher than the H2 peak for 1.0 L H20 exposure. Consistent with this 

is the fact that the intensity of the H20 desorption peak at 205 K does not scale with 

H20 exposure between 0.65 L and 1.0 L. This indicates a higher tendency of H20 

towards a complete dissociation on the Fe(poly) surface at low coverages (below 

saturation coverage). A previous study by Bernasek and coworkers (18) investigated 

the adsorption and dissociation of H20 on a clean Fe(100) surface. This work showed 

that the dissociation of H20 is complete by 250 K, leading to OH species adsorbed on 

the surface. The data for H20/Fe(100) indicate that the hydroxyl groups (OHJ 

disproportionate or decompose resulting in water or hydrogen desorption near 310 K 

(18). Our results for H20/Fe(poly) indicate no recombinant H20 desorption at any 

temperature, but the desorption of H2 is observed at a temperature of 385 K. These 

results indicate piartial H20 decomposition on the Fe(poly) surface leading to adsorbed 

OH, species. OH, subsequently either reacts with adsorbed hydrogen (OH, + H, -> O, 

+ H2(g)) or dissociates (OH, -» O, + H„) to form H, which then recombines (2H, -> 

H2(g)), resulting in H2 desorption peak centered at 385 K. 
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Figure 37. Desorption of (a) H20 and (b) H2 following the adsorption of H20 on a 
clean Fe(poly) surface at 90 K. 
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For H20 exposure above 1.0 L a very small H2 peak at about 175 K was observed 

(fig. 37b). This may be due to cracking of H20 in the mass spectrometer. 

(B) Adsorption of chlorine on a water pre-dosed Fefpolv) surface. 

The ratio of CI (LMM) to Fe (LMM) Auger intensities as a function of 

exposure of the Fe surface to Cl2 at 90 K is shown in fig. 38 (15). These results 

show that an exposure of about 1.0 L of Cl2 corresponds to saturation coverage. 

However, these results must be regarded with considerable caution, due to electron 

beam-induced damage of Cl/Fe at 90 K (4). The TPD spectra for Cl2 molecules 

adsorbed on a H20 pre-dosed Fe(poly) surface are displayed in fig. 39a (FeCl2 

desorption), 39b (H2 desorption) and fig. 40 (H20 desorption). These data were 

recorded for a constant Cl2 exposure (5.0 L) at 90 K as a function of varying H20 

exposure. In fig. 39a FeCl2 desorption is observed at both low (240 K) and high (585 

K) temperatures for low pre-H20 exposure (0.75 L) only. An FeOCl desorption peak 

is also detected at 240 K, corresponding exactly in shape to the 240 K FeCl2 peak. 

The correspondence of these two peaks strongly indicates that both species (FeOCl 

and FeCl2) are decomposition products of a parent Fe oxychloride species desorption 

at this temperature (see sec. 3.2) (15). However, we were not able to identify the 

parent higher mass fragment in these mass spectrometric studies. For H20 pre-

exposures greater than 1.0 L, no FeCl2 (or FeOCl) desorption is observed at 240 K, 

and the 585 K FeCl2 peak decreases in intensity. In order to present quantitatively 

the dependence of FeCl2 production on H20 pre-coverage, FeCl2 desorption peak 

areas are displayed as a function of H20 pre-exposure (fig. 41). This observed 
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decrease of both the 240 K and the 585 K FeCl2 desorption peaks with increasing H20 

exposure shows that an increasing coverage of molecular HaO inhibits both FeCl2 and 

FeOCl formation. 

H20 and H2 desorption from the CI modified H20 pre-dosed surface differ 

significantly from desorption on clean Fe(poly). In fig. 40, a small H20 desorption 

peak is observed at a low H20 pre-exposure (0.75 L) at about 205 K. This is similar 

to the desorption of H20 from the clean Fe surface at 205 K (fig. 37a) but with a 

broad tail. For exposures > 1.0 L, a broad H20 peak is observed at about 175-205 

K along with a long; tail that extends to above 400 K. The 1.0 L H20 exposure 

corresponds to H20 saturation coverage observed in the TPD data of H20 on a clean 

Fe surface (fig. 37). The broad desorption tail is not observed for HzO desorption for 

clean Fe(poly) (fig. 37a). The existence of this tail indicates H20 desorption over an 

extended temperature range. This is consistent with the observed CI stabilization of 

OH on a H20 pre-exposed Fe surface as determined by XPS measurement (see sec. 

2.4) (5). The observed H20 desorption tailing peak therefore results from OH 

recombination. The H20 peaks observed at a very low temperature of about 110 K in 

fig. 40 may be due to the desorption of H20 from the Ta leads. A desorption 

temperature of 110 K would be substantially lower than multilayer or submonolayer 

desorption temperatures reported for H20 on Fe and other transition metal surfaces 

(2,18). Fig. 39b shows an H2 desorption peak at about 240 K at very low exposure 

(0.75 L). At higher exposures ( > 1.0 L) the desorption of H2 shows a broad peak 

centered in a region at about 350 - 500 K. H2 desorption from the Fe surface in 
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which CI is adsorbed on a H20 pre-dosed surface therefore extends to higher 

temperature than the H2 desorption peaks observed for H20 on clean Fe (fig. 37b). 

(Q Adsorption of H-,0 on a chlorine pre-dosed Fe(polv) surface. 

Figure 42 displays the desorption of FeCl2 for different pre-exposures of Cl2 

followed by a constant H20 exposure (1.0 L). At a very low chlorine pre-exposure 

(0.43 L) only the desorption of a 240 K FeCl2 peak is observed. This peak 

corresponds also to FeOCl desorption (fig 43). With increasing Cl2 pre-exposure, the 

585 K FeCl2 peak increases while the low temperature peak decreases (fig 42). These 

results indicate that at low pre-exposures of chlorine, unoccupied sites remain 

available, which allow the adsorption and decomposition of H20, leading to O, which 

can then react with Cla The formation of Fe oxychloride species can then occur at 

the surface. The increasing chlorine pre-exposure blocks the adsorption and 

dissociation of H20, resulting in the inhibition of the Fe oxychloride species 

formation. This is corroborated with the data in figure 44 which shows the 

desorption peak areas of H20 and H2 as a function of Cl2 exposure. The amount of 

H20 desorption increases with chlorine exposure while the amount of H2 desorption 

decreases. Figure 45 displays the TPD results for the desorption of H20. At a low 

pre-exposure of Cl2 (0.43 L) a small H20 desorption peak centered at 175 K is 

observed, along with a shoulder near 205 K. These two features appear at the same 

temperatures observed for the two HzO desorption peaks on the clean Fe surface (fig. 

37a). At a Cl2 exposure of 0.63 L the intensity of the H20 desorption peak at 175 K 

increases while the peak at 205 K barely forms a small tail. The very intense and 
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broad H20 desorption peak at a chlorine exposure of 2.7 L indicates a high amount of 

H20 desorption. 

i — 1 — r 
0.4 0.6 0.8 1.0 

Cl2 exposure (L) 

Figure 38. Relative Auger intensity versus exposure at 90 K for Cl2 on clean 
Fe(poly). 
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surface subsequently exposed to Cl2 at 90 K, as a function of varying H20 exposure. 
Note the dashed curve in (a) comparing FeOCI desorption to FeCl2 desorption (solid 
curve). 
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Figure 40. Desorption of H20 from a H20 pre-dosed surface subsequently 
exposed to Cl2 at 90 K, as a function of varying H20 exposure. 
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Cl2 exposure: 5.0 L at 90 K 
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Figure 41. FeCl2 desorption peak area as a function of H20 pre-exposure 
following exposure of Fe(poly) to Cl2 at 90 K. 



93 

3 

CO CM 

( s j j u n AjBJiiqJV) 

| e u 6 | s j s i a i u o j p a d s s s e y y 

Figure 42. Desorption of Fe-containing species from a chlorinated Fe(poly) 
surface after expose to H20 at 90 K. 
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Figure 43. Desorption of FeOCl (amu 107) from a chlorinated Fe(poly) 
after exposure to H20 at 90 K. 
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Figure 44. H20 and H2 desorption peak areas as a function of Cl2 pre-exposure 
following exposure of Fe(poly) surface to H20 at 90 K. Results for 0.0 L Cl2 
exposure were taken from fig. 37. 
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Figure 45. Desorption of H20 from a chlorinated Fe(poly) surface after 
exposure to H20 at 90 K. 
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The results presented in the above three subsections show that the desorption 

of H20 and H2 that result from the adsorption of H20 on a clean Fe(poly) surface 

differ considerably from desorption on a CI modified H20 pre-dosed surface. Our 

results of the H20 dissociation on a clean Fe(poly) surface also differ significantly 

from the behavior of H20 on a clean Fe(100) surface (18). Recombinant H20 

desorption is observed from a clean Fe(100) surface (18), but not from clean 

Fe(poly). This indicates a significant sensitivity of H20 dissociation to surface 

structure. The TPD data displayed in fig. 37 for the adsorption of H20 on clean Fe 

(poly) surface show two desorption peaks that are observed at 175 and 205 K. These 

results are consistent with the results obtained by Bernasek and coworkers (18) who 

observed these two low temperature peaks at 165 and 220 K at the Fe(100) surface. 

The lower temperature peak (175 K) is attributed to H20 desorption from the ice-like 

multilayer. The 205 K desorption peak is assigned to the H20 molecularly adsorbed 

on the surface, in agreement with the results reported for Fe(100) (18). However, a 

higher temperature H20 desorption peak at about 310 K was also observed from the 

Fe(100) surface (18). This peak was attributed to H20 decomposition leading to OHa 

which disproportionates resulting in H20 desorption or decomposes resulting in H2 

desorption around 310 K . In contrast, no recombinant H20 desorption is observed 

from a clean Fe(poly) surface at any temperature. The hydrogen desorption data 

observed in fig. 37b demonstrate H20 dissociation is occurring through the following 

possible pathways: (1) H2Oa -> {OH, + HJ -* O, + H2(g), (2) OH, -» Oa + H„ 2H, -» 

H2fe). Either pathway would yield the observed H2 desorption at about 385 K. The 
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H20 TPD from a clean Fe(poly) surface (fig. 37a) instead closely resemble the H20 

TPD data from the 0/Fe(100) surface, but only for O coverages > 0.78 ML, with 

the four-fold site occupied by pre-adsorbed O (16). The major difference between the 

H20 interaction with clean Fe(poly) (fig. 32) and with 0/Fe(100) (16) is the 

observation of H2 desorption from the Fe(poly) surface. This indicates that 

dissociation of H20 occurs on the clean Fe(poly) surface. 

A comparison of the results for H20 adsorption on clean Fe(poly) and on clean 

Fe(100) surfaces indicates that H20 dissociation occurs on both surfaces, and that the 

main difference is the behavior of the OHa intermediate. The absence of recombinant 

H20 desorption from Fe(poly) indicates that OH, further dissociates. In contrast, OHa 

recombination occurs on Fe(100). 

Our previous studies presented in section 3.2 (15) demonstrate that reactions 

between CI, and Oa result in the desorption of Fe oxychloride species from the Fe 

surface at 240 K under UHV conditions. The TPD data shown in this section indicate 

that reactions between H20 and Cl2 can also result in the desorption of Fe-containing 

species at 240 K, but only at low adsorbate coverage. The fact that similar FeOCl 

and FeCl2 desorption curves are observed at 240 K, argue that both species are 

fragmentation products of a parent Fe oxychloride ion, as does the fact that no FeCl2 

desorption is observed at 240 K in the absence of HzO. FeCl2 desorption at 240 K 

was only observed at either very low pre-exposure of H20 or low pre-exposure of 

Cl2. Our results for H20 desorption from Fe(poly) surfaces pre-exposed to Cl2 reveal 

the role of Cla in blocking the dissociation of H2Oa. The studies presented in section 
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3.2 (15) indicate the desorption of an Fe oxychloride species (as indicated by the 

observation of FeOCl (amu 107)) at 240 K due to Oa and CI, on the Fe surface. 

Increasing pre-exposures of CI, inhibit both FeOCl and H2 formation (figs. 43,44). 

The inhibition of FeOCl desorption indicates that the presence of CI, prevents the 

dissociation of H20, to form O,. The inhibition of H2 formation and resulting 

enhancement of H20 desorption (figs. 44,45) strongly suggest that the initial 

dissociation of HaO to form an OH, intermediate is being prevented. This is 

confirmed by XPS data (see sec. 2.4) (5) which show that the formation of OH, on 

Fe(poly) is inhibited by the presence of CI,. It is therefore apparent that CI, acts to 

block the initial dissociation of H20 at the Fe(poly) surface. A similar site blocking 

role has been reported for CI, and H20 on Ag (6). 

The interaction of Cl2 with H20-covered Fe(poly) surfaces is more complex. 

Our data show that H20, blocks the subsequent interaction of Cl2 with the Fe surface, 

as increasing H20 pre-exposure results in decreasing yields of both FeOCl and FeCl2 

at 240 K and FeCl2 desorption at 585 K. However, the fact that H2 desorbs (fig. 39b) 

at the same temperature (240 K) as does FeOCl at low H20 pre-exposure implies an 

interaction between CI, and H2Ow or dissociation products that is not well understood. 

The similarity of the desorption curves of FeOCl and H2 at this temperature strongly 

suggests that both species may be decomposition products of a parent complex formed 

at the surface. This consequently results in hydrogen recombination at the same 

temperature in which Fe oxychloride is also forming. The reaction of Cl2 with H20(a) 

within the multilayer results in the formation of a C1--OH complex, as determined by 
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XPS (see sec. 2.4) (5). The stabilization of OH over a broad temperature range is 

confirmed by the broad recombinant H20 desorption tail at higher temperature, 

particularly for high H20 pre-exposures (> 1.0 L) (fig. 40). The decrease of the 

high temperature FeCl2 peak intensity with H20 coverage (fig. 39a) indicates that 

H 2 O w inhibits Cl-Fe bond formation. This further suggests that the OH--C1 complex 

evolved upon Cl2 reaction with H 2OW has CI bonded to oxygen rather than directly to 

an Fe site. 

3.3.2 Conclusions 

In summary, we have studied the interaction of H20 and Cl2 on a 

polycrystalline Fe surface using thermal desorption and Auger spectroscopy 

measurements. The following conclusions can be drawn from the results presented 

here: 

(1) The dissociation of H20 on a clean Fe(poly) surface is significantly different 

from that observed by Bernasek (18) on a clean Fe(100) surface. On the 

Fe(100) surface, OH, recombines to yield desorbed H20 (18). On Fe(poly), 

OHa does not recombine, but dissociates further to yield Oa and H,. These 

results indicate that the dissociation of H20 is significantly sensitive to surface 

structure. 

(2) The interaction between H20 and Cl2 results in the formation of an Fe-

containing species which desorbs from the Fe(poly) surface at 240 K, but only 
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for low pre-exposures of both Cl2 and H20. The desorption of FeCl2 is 

observed at both temperatures 240 K and 585 K. The similarity of the FeOCl 

and FeCl2 desorption curves at 240 K strongly suggest that both species are 

fragmentation species of a parent Fe oxychloride ion. Similar behavior is also 

observed for the interaction of O, and CI, on an Fe(poly) surface (see sec. 3.2) 

(15). The apparent volatility and low desorption temperature (240 K) for the 

Fe oxychloride species are significant for the areas of corrosion and 

contaminant-free manufacturing (CFM). These results should be of 

considerable importance in semiconductor manufacturing, where chloride 

corrosion can lead to metal particle contamination of electronic materials (19). 

(3) The interaction between H20 and Cl2 within the multilayer on a CI modified 

H20 pre-exposed surface results in the stabilization of OH. This is consistent 

with our XPS data in section 2.4 (5) which show this stabilization of OH under 

the same conditions. 

(4) Cla acts as a site blocker to the dissociation of subsequently adsorbed H20. 

Increasing Cl2 pre-exposures on the Fe(poly) surface inhibits H20 dissociation 

which results consequently in the inhibition of OH formation. This may be a 

significant process in corrosive chemistry since surface hydroxylation is 

essential for surface passivation (2). Disruption of the hydroxylation process 

may therefore enhance anodic oxidation. 
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3.4 Interactions of Chlorine and H?Q on an Fe Oxide Surface 

3.4.1 Introduction 

The interaction of corrosive agents with H20 at Fe oxide surfaces is of 

fundamental importance in understanding corrosion of ferrous materials. A number 

of ultra-high vacuum (UHV) studies have focused on the investigation of detailed 

reaction mechanisms of H20 (20,21), CH3SH (22), and Cl2 (3) with single crystal or 

polycrystalline Fe surfaces. However, the chemisorption and interactions of these and 

other corrosive species with Fe oxide have received relatively little attention. The x-

ray photoelectron spectroscopy (XPS) results in section 2.3 (23,24) focus on the 

fundamental interactions of H2S, Cl2 and H20 with Fe and Fe oxide systems. These 

studies have yielded significant fundamental insights concerning the site specific 

chemical reaction pathways at Fe and Fe oxide surfaces. In particular, observed 

displacement of H20 by S or CI occurs only at defect (oxygen vacancy) sites on the 

oxide surface. 

The Auger electron spectroscopy and temperature programmed desorption 

(TPD) results shown in section 3.2 (15) of chlorine-oxygen interaction on 

polycrystalline Fe surfaces point to the important role of chemisorbed oxygen in 

chlorine attack on the metal surface. The data show the formation of a volatile Fe 

oxychloride species at the surface of an O- and CI- covered Fe polycrystalline surface 

below 240 K under ultra high vacuum (UHV) conditions. This contrasts significantly 

with CI attack on the Fe surface in the absence of oxygen, which occurs via 
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desorption of FeCl2 at 585 K under UHV conditions. These results are consistent 

with the combined electrochemical/UHV studies (8) which indicate that the presence 

of chloride in aqueous environment are not sufficient, of themselves, to induce pitting 

in the absence of oxygen. Our UHV results (15) are also a microscopic explanation 

for the electrochemical studies of Bardwell, et al (12,13) which demonstrate that the 

halide pitting process is strongly affected by the degree of the oxidation of the Fe 

surface rather than the surface potential. 

The TPD studies (see sec. 3.3) (7) of the interaction of H20 and Cl2 on Fe 

polycrystalline surfaces show the formation of Fe oxychloride species at 240 K, but 

only for low pre-exposures of both Cl2 and H20. This indicates that the dissociation 

of H20 occurs at low adsorbate coverages leading to O, which can react with CI,. 

This is supported by our studies (15) that show the formation of an Fe oxychloride 

species by O, and CI, interactions on the Fe surface. 

In order to investigate the significance of oxygen on Fe polycrystalline 

surfaces in the formation of Fe-containing volatile species, TPD studies of the 

interaction of H20 and H20-C12 with an Fe oxide (FeOJ surface were carried out. 

The research presented here indicates that Fe oxychloride formation does not occur on 

the oxide surface. This is in contrast to the results of H20-C12 interactions on a clean 

Fe surface (see sec. 3.3) (7) which show the formation of Fe oxychloride species for 

low pre-exposures of both Cl2 and HzO. The desorption of Fe-containing species is 

also observed for the interaction of O, and CI, on a clean Fe(poly) surface (15). The 

results presented here show FeCl2 desorption occurring at 695 K. This peak appears 
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at a higher temperature than the FeCl2 desorption (585 K) observed on the studies of 

the interaction of either C12-H20 or Cl2-02 on a clean Fe surface (15,25). 

Our results indicate that the Fe(OCl)x corrosion pathway for the C12-H20 

interaction on metal Fe surfaces (FeOCl) (7) is eliminated by the formation of an Fe 

oxide surface. 

3.4.2 Results and Discussions 

The exposures of Cl2 and H20 were measured in terms of time and chamber 

background pressure (1 L = 10"6 Torr • s). These values were corrected for ion 

gauge sensitivity relative to N2 and enhancement of pressure near the sample surface 

due to directional dosing. The total enhancement factor for H20 exposures was 500 

and for Cl2 exposures was 333. The calculations of these values has been described 

in section 3.3.2. 

The results presented here are divided into three subsections: (A) interaction of 

water with a clean Fe oxide (FeOJ surface, (B) adsorption of chlorine on an FeOx 

surface pre-exposed to water, (C) adsorption of water on an FeOx surface pre-exposed 

to chlorine. 

fAI Water adsorption on a clean iron oxide surface. 

The Auger spectrum in figure 46 shows the clean starting conditions of the Fe 

oxide surface. A series of TPD spectra are shown in fig. 47 for increasing H20 

exposure, with the Fe oxide surface held at 90 K during exposure. At low exposure 

(0.6 L), a small desorption peak is observed at 250 K along with a small shoulder at 
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175 K. The intensity of the 250 K peak increases with increasing H20 exposure, and 

reaches a maximum at a value between 0.6 to 1.1 L. The 175 K peak increases with 

increasing H20 exposure and does not saturates. The 175 K desorption peak is 

indicative of a multilayer formation of H20 on the surface (16,18,25). No H2 or 02 

desorption is detected during the TPD measurements. The 250 K desorption may be 

due to either molecular water desorption (H2Oa -* H2Og) or recombinant water 

desorption (20H, -» H2Og + OJ. Previously published studies of H20 on the surface 

of oxidized Fe single crystals (20,26) have observed the dissociation and/or desorption 

of H20 at temperatures < 225 K which are significantly lower than the 250 K peak 

detected here. A previous study by Dwyer and coworkers (20) investigated the 

adsorption of H20 on an oxidized Fe (110) surface using ultraviolet photoemission 

spectroscopy (UPS). They found that the adsorption of H20 on an oxidized Fe (110) 

surface results in a hydroxylated surface at 225 K (H20 + Oa -» 20HJ. The OH, 

recombines subsequently resulting only in the desorption of molecular H20 (20Ha -* 

Oa + H2Og). The fact that we do not observe H2 or 0 2 desorption in our studies 

supports a similar mechanism on the Fe oxide surface. Therefore, we tentatively 

attribute the 250 K desorption peak to recombinant H20 desorption via 20Ha -> H2Og 

+ Oa on the oxide surface. In contrast to our results and those of Dwyer et al., 

Henderwerk and coworkers observed only a H20 ice peak for the H20 adsorption on 

the stoichiometric (001) basal plane of Fe203 in the range of 175 to 220 K (25). On 

the sputtered Fe203 surface Henderwerk et al. observed adsorbed OH species at about 

205 K. However, they also observed a broad H2 desorption peak between 220 K and 
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750 K. They indicated that annealing the sample above 205 K cleaves the O-H bond 

leading to H atoms, which then recombines resulting in H2 desorption. A comparison 

of our results to these of Henderwerk et al. indicates that decomposition and/or 

recombination of OH groups on an oxidized Fe surface is highly structure sensitive. 

(a)P/(H)MP 

Figure 46. Auger spectrum of a clean Fe oxide surface. Numbers indicate 
peak energies in Ev. 
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Figure 47. Desorption of H20 following the adsorption of H20 on an Fe oxide 
surface at 90 K. 
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(B1 Adsorption of chlorine on a water-pre-dosed iron oxide surface. 

Figure 48 displays two different TPD spectra. Fig. 48a displays the 

desorption of FeCl2 for the Cl2 adsorption on a H20 pre-dosed Fe(poly) surface at 90 

K. Fig. 48b display the desorption of FeCl2 for the Cl2 adsorption on a H20 pre-

dosed Fe oxide surface at 90 K. The spectrum in figure 48a shows no FeCl2 

desorption at a high H20 pre-exposure (2.1 L) in contrast to fig. 48b which displays 

an FeCl2 peak at 695 K. The results in section 3.3 (7) have indicated that an 

increasing coverage of molecular H20 inhibits FeCl2 formation on clean Fe(poly) 

surfaces. A comparison between both spectra in fig. 48 indicates that the formation 

of FeCl2 is independent of H20 coverage on the FeOx surface. This is corroborated 

with the data in figure 49 which shows the FeCl2 desorption peak areas as a function 

of H20 pre-exposures. The amount of FeCl2 desorption does not change significantly 

with increasing H20 exposures (fig. 49). 

Figure 50 displays the TPD results for the desorption of H20 from a CI 

modified H20 pre-dosed surface. At a low pre-exposure of H20 (0.6 L) a small 

broad peak is observed at 250 K. For a H20 exposure of 1.5 L, a taller 250 K peak 

along with a shoulder at 175 K is detected. This shoulder increases with increasing 

H20 exposures. These two features at 175 and 250 K appear at the same 

temperatures observed for the two H20 desorption peaks on the clean Fe oxide 

surface (fig. 47). However, a long broad tail, extended to above 400 K, is observed 

for all the H20 desorption peaks in fig. 50. This tail is not observed for H20 

desorption from the clean Fe oxide surface. This broad desorption tail is evidence 
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that indicates H20 desorption over an extended temperature range. Our TPD studies 

(see sec. 3.3) for the C12-H20 interaction on a clean Fe surface observed this same 

broad tail. These, in agreement with the XPS studies in section 2.4 (15), have 

indicated that the interaction between Cl2 and H20 within the multilayer on a CI 

modified H20 pre-exposed Fe surface results in the stabilization of OH. Therefore, a 

comparison between these and the results presented in this section strongly suggests 

the reaction of Cl2 with H2Oa within the multilayer on the Fe oxide surface results in 

the stabilization of OH. 

(CI Adsorption of H»Q on a Ck-pre-dosed Fe oxide surface. 

Figure 51 shows FeCl2 desorption that results from both (a) H20 on a Cl2 pre-

dosed Fe surface and (b) H20 on a Cl2 pre-dosed Fe oxide surface. The desorption of 

FeCl2 is observed at 240 and 585 K in fig. 51a. Our TPD results (see sec. 3.3) for 

the H20 desorption from Fe(poly) surfaces pre-exposed to Cl2 showed similar 

FeOCl(amul07) and FeCl2(amul26) desorption curves at 240 K (7). The similarity of 

these curves has indicated that both species are fragmentation species of a parent Fe 

oxychloride ion. On the other hand, no FeCl2 (or FeOCl) desorption from Fe oxide 

surfaces pre-exposed to Cl2 is observed at 240 K (fig. 51b). FeCl2 desorption is only 

observed at about 695 K (fig. 51b). The intensity of this peak is smaller and appears 

at a much higher temperature than the FeCl2 desorption observed at 585 K on the Fe 

surface (fig 51a). These results strongly suggest that the passivation of Fe surfaces 

toward chloride attack can in many cases be accomplished by the formation of a 

surface oxide. 
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Figure 52 shows the desorption of H20 for a constant Cl2 pre-exposure (5.0 L) 

followed by different H20 exposures at 90 K. At a low H20 exposure (0.85 L) a 

small peak is observed at 250 K. For exposures ^ 0.85 L, the intensity of the 250 K 

peak remains the same and another peak is observed at 175 K which increases with 

increasing H20 exposures. H2 desorption is not observed. The H20 desorption 

spectra in fig. 52 closely resemble the H20 desorption behavior for H20 on the clean 

FeOx (fig. 47). These results suggest a weak, if any, interaction between H20 and 

pre-adsorbed CI. 
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Figure 48. Desorption of FeCl2 from (a) H20 pre-dosed Fe(poly) surface 
subsequently exposed to Cl2 and (b) H20 pre-dosed Fe oxide surface subsequently 
exposed to Cl2 at 90 K. 
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Figure 49. FeCl2 desorption peak area as a function of HzO pre-exposure 
following exposure of Fe oxide to Cl2 at 90 K. 
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Figure 50. Desorption of H20 from a CI modified H20 pre-dosed surface. 
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Figure 51. FeCl2 desorption that results from (a) H20 on a Cl2 pre-dosed 
Fe(poly) surface and (b) H20 on a Cl2 pre-dosed Fe oxide surface. 
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Figure 52. Desorption of H20 from a Cl2 pre-dosed surface subsequently 
exposed to H20 at 90 K, as a function of varying H20 exposure. 



115 

A more detailed discussion of the results shown in the three subsections above 

is presented below. 

Our results of the dissociation of H20 on a clean Fe oxide surface indicate a 

similar behavior to the H20 dissociation on an oxidized Fe (110) surface (20). Dwyer 

and coworkers (20) indicated that the dissociation of H20 on an oxidized Fe (110) 

surface results in OH groups which then recombine leading to H20 desorption (20Ha 

-» H2Og + OJ. On the other hand, Henderwerk and coworkers (25), who studied 

the adsorption H20 on a stoichiometric (001) basal plane of Fe203, only observed H20 

multilayer desorption in the range of 175 and 220 K. On the sputtered Fe^03, H2 

desorption was observed between 220 and 750 K (25). They indicated that H20 

decomposes leading to OH, at about 205 K. Upon heating above 205 K, the OH, 

dissociates leading to H atoms which then recombine resulting in H2 desorption. A 

comparison of the results above indicates that the decomposition and/or recombination 

of OH groups on an Fe oxide surface is highly structure sensitive. 

Our TPD studies in sec. 3.3 indicate that reactions between H20 and Cl2 on a 

clean Fe(poly) surface result in the desorption of Fe oxychloride species at 240, but 

only at low adsorbate coverage (7). FeCl2 is also observed at 585 K. Only FeCl2 

desorption is observed from the Fe oxide surface at 695 K (fig. 48,51). This 

indicates that the Fe(OCl)x corrosion mechanism of the C12-H20 interaction on the Fe 

surface is quenched by the formation of an Fe oxide surface. 

Our results indicate that the FeCl2 desorption is independent of H20 coverage 

(fig. 49). In contrast, our TPD studies (see sec. 3.3) (7) of Cl2 on a H20 pre-dosed 
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Fe surface demonstrated that increasing H20 pre-exposure inhibits the formation of 

FeCl2. The failure of H20 pre-exposures to affect FeCl2 desorption from the oxide 

surface indicates the presence of different sites on the oxide surface for Cl2 and H20. 

This is consistent with our XPS studies presented in sec. 2.3 which indicated the 

presence of Fe2"1" and Fe3+ sites on the Fe oxide surface (24). The interaction 

between Cl2 and H20 within the multilayer on CI modified H20 pre-exposed Fe oxide 

surface results the stabilization of OH. This is confirmed by the broad recombinant 

H20 desorption tail over a broad temperature range (> 400 K) observed in fig. 50. 

Our XPS and TPD studies in sections 2.4 and 3.3 obtained similar results on the Fe 

surface (5,7). Our TPD spectra (fig. 52) for H20 desorption from Fe oxide surfaces 

pre-exposed to Cl2 show two desorption curves at 175 K and 250 K similar to the 

desorption curves on a clean Fe oxide surface. No H20 desorption tail is observed in 

fig 52. This indicates no interaction of H20 with a Cl2 covered surface. 

3.4.3 Conclusions 

In summary, we have studied the interaction of Cl2 and H20 on an Fe oxide 

(FeOj) surface using TPD and AES techniques. We conclude the following: 

(1) The adsorption of H20 on an Fe oxide surface (FeOJ is considerably different 

from that observed by Henderwerk (27) on either a stoichiometric (001) basal 

plane of Fe203 or a sputtered F e ^ surface. On the stoichiometric F203 

surface only H20 ice peak is observed (175-220 K). On the sputtered Fe203 

surface, H20 decomposes into OH groups which also dissociate resulting in H, 
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which recombines between 220 and 750 K. Our results on FeOx indicates H20 

desorption via OH recombination. No H2 desorption is observed. These 

results indicate that the dissociation and/or recombination of OH groups on an 

Fe oxide surface is highly structure sensitive. 

(2) The interactions between H20 and Cl2 within the multilayer on a CI modified 

H20 pre-exposed FeOx surface results in the stabilization of OH. This OH 

stabilization is also observed on Fe polycrystalline surfaces (sections 2.4 and 

3.3) (5,7). 

(3) The reactions between H20 and Cl2 on a clean Fe(poly) surface result in the 

desorption of Fe oxychloride species at 240 K, but only at low adsorbate 

coverage (sec. 3.3) (7). FeCl2 was also observed at 585 K. On the Fe oxide 

surface, only an FeCl2 desorption peak is observed, but at 695 K. These 

results indicate that the Fe(OCl)x corrosion mechanism of the C12-H20 

interaction on the Fe surface is eliminated by the formation of an Fe oxide 

surface. 

(4) Our results indicate the presence of different sites on the oxide surface for the 

preferential adsorption of Cl2 and H20. This is consistent with the XPS 

studies presented in section 2.3 which indicated the presence of Fe2"1" and Fe3+ 

sites on the Fe oxide surface. 
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