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Abstract 

Atmospheric corrosion is a costly problem. Accelerated laboratory tests, such as 

the salt fog chamber, have been created to predict corrosion of materials without the need 

to expose them over long periods of time outdoors. However, these accelerated tests often 

do not accurately reproduce the types and rates of corrosion found in field exposures. 

Silver exhibits this discrepancy and has been used in recent years in an attempt to correct 

the shortcomings of these accelerated tests. 

 This study identifies Ag2SO3 and Ag2SO4 on field-exposed silver coupons. The 

presence of these species on field-exposed silver has been contested in the literature. 

Evidence suggests that Ag2SO3 is an intermediate step in the formation of Ag2SO4. 

Furthermore, the presence of alkali cations, such as Na
+
, determines the final oxidation 

state of the sulfur species on silver. If Na
+
 is present, Ag2SO4 is the final state, whereas 

Ag2SO3 is not found in the presence of alkali cations. The identification of sulfite and/or 

sulfate on field-exposed samples suggests the need for further improvement of salt fog 

tests which do not currently include a sulfur source.    

 In addition to proposing a mechanism for sulfate formation, this study also 

proposes a link between AgCl formation on inland samples and continental chloride 

sources. AgCl has been previously reported to form on silver exposed at nearly every 

location regardless of the proximity to marine sources. Studies have shown that ClNO2, 

which is a reservoir species for chlorine, releases Cl radical when photolyzed. High levels 
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of ClNO2 have been reported at locations which are not near salt water sources. This 

study provides further evidence that AgCl is formed in every exposure location, with only 

one exception. The lack of correlation of cations, such as Na
+
, which are present in sea 

spray aerosols to Cl
-
 on silver samples, is consistent with a non-salt water source of 

inland chloride. The abundance of ClNO2 and therefore Cl radical at non-marine areas 

may be the cause of inland AgCl formation.  
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1. Introduction 

1.1 Overview 

Accelerated laboratory tests (such as the salt fog chamber test) are not currently 

able to reproduce corrosion rates observed during outdoor exposures.
1–4

 In order to better 

understand the discrepancy between field and accelerated laboratory studies, this thesis 

examines the corrosion of silver coupons exposed to a range of field conditions. Silver is 

used because it exhibits this discrepancy and the corrosion products can be readily 

identified. Analysis of the field samples via X-ray photoelectron spectroscopy (XPS) 

support the following hypotheses that provide a link between atmospheric chemistry and 

corrosion. (1) Corrosion products formed on silver samples are representative of local 

atmospheric conditions taking into account surface reactivity and meteorological 

transport. (2) Atmospheric sulfur species are responsible for a significant amount of 

corrosion on field-exposed silver. (3) The formation of Ag2SO4 proceeds via the 

intermediate Ag2SO3. Together these hypotheses suggest that to improve laboratory 

studies, a gaseous atmosphere that more accurately reflects atmospheric conditions is 

necessary. In particular, SO2 should be included in the accelerated tests. 

In addition to the research presented here regarding sulfur, the XPS data also 

show that AgCl is formed on every silver coupon exposed outdoors. Although this is 

consistent with previous studies, there remain questions as to the source of AgCl 

corrosion products at locations not near saltwater sources.
2,4

 Inland chloride species, such 



 

2 

 

as ClNO2, which produce the highly reactive Cl radical, have been reported.
5,6

 Based on 

the ClNO2 studies, this thesis proposes a fourth hypothesis: inland chloride sources are 

responsible for silver chloride formation at non-marine locations.  

This dissertation is organized as follows. Chapter one provides background 

knowledge of corrosion and atmospheric chemistry with a focus on silver corrosion. The 

second chapter details the experiments performed including experimental parameters. 

The role of sulfate and sulfite in the atmospheric corrosion of silver is discussed in 

Chapter 3. The prevalence of atmospheric chloride sources in various environments, as 

detected by silver corrosion analysis, is presented in Chapter 4. Finally, Chapter 5 

summarizes the results and suggests future directions for this study. 

 

 

1.2 Corrosion 

Corrosion is described as “the environmental degradation of materials”.
7
 The 

corrosion of metals has been studied for nearly a century due to a desire to improve the 

conservation of resources, safety and financial costs which are associated with the 

degradation of materials.
8
 A study published in 2001 found the direct cost of metallic 

corrosion to represent approximately 3.1% of the US Gross National Product (GNP).
9
 

The direct costs include, for example, the use of alternative and more expensive 

materials, labor, equipment, and lost revenue. In addition to these costs, indirect factors, 

such as loss of productivity, nearly double the cost. This would bring the total to an 

estimated 6.2% GNP which would have been roughly one trillion dollars for 2011.
9
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From an electrochemical point of view, metallic corrosion is due to an irreversible 

redox reaction of the form:
10

 

 

metal + oxidizing agent → oxidized metal + reducing agent.  (1.1) 

 

In order for corrosion of a metal to occur, there must be both oxidation (electron 

production) and reduction (electron consumption) reactions in which metal is oxidized 

and the oxidizing agent is reduced. This corrosion reaction involves an exchange of 

electrons, i.e., the generation of an electric current across the electrode-electrolyte 

interface. The rate of this reaction is governed by Faraday’s law:
10

 

 

    (
   

  
), (1.2) 

 

where I is the electrical current (A), n is the number of electrons in the reaction (eq/mol), 

F is Faraday’s constant (96,485 C/eq), and      ⁄  is the rate of the reaction (mol/s). 

The type of oxidizing agent is determined by environmental conditions (e.g. 

relative humidity, acidity, temperature). Under wet conditions, the oxidizing agent in 

basic or neutral conditions is typically dissolved oxygen (O2), whereas solvated protons 

(H
+
) play this role in acidic conditions. At high temperatures and dry conditions, the 

oxidizing agent includes gaseous compounds such as (molecular) oxygen (O2), water 

vapor (H2O), carbon dioxide (CO2), sulfur dioxide (SO2) or sulfate (SO4
2-

) containing 

species. 
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Typically, there are three types of corrosion products: dissolved ions, porous 

films, and compact films.
10

 When corrosion occurs in an acidic environment, the 

predominant corrosion products are dissolved ions. In neutral or basic, and often humid, 

conditions, corrosion will yield thick (≈ 1-300 m),
11

 porous films which are not 

generally protective of the substrate, as in the case of iron.
10

 Some substrates, such as 

aluminum, will preferentially form compact films, such as an oxide layer, which often 

protects the substrate from further corrosion. The compact films will, however, be more 

easily penetrated under high temperatures and may become thicker and more porous. 

Thin films (1-3 nm), typically an oxide layer, are called passive films and they act as a 

small barrier to the environment. 

 

1.3 Atmospheric Corrosion  

Atmospheric corrosion is a complex form of corrosion that has been defined as: 

“the reaction of a metal with atmospheric oxygen [where] humidity and pollutants form 

an electrolyte.”
10

 The corrosivity of a given atmosphere has been described as depending 

primarily on relative humidity and the concentrations of atmospheric species like sulfur 

dioxide (SO2) and chloride (Cl
-
).

8,10
 SO2 is a major pollutant in many environments since 

it is primarily produced through combustion of fossil fuels and volcanic emissions.
12–16

 

Chlorides are typically found in marine aerosols
17–19

 but have also been detected over 

continental regions,
5
 although the sources of continental chloride are still being 

investigated. Relative humidity (RH) is defined as the ratio between the partial pressure 
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of water vapor (  ) and the saturated vapor pressure of water (  
 ) at a specific 

temperature as shown in the following equation:
20

 

 

   (
  

  
 )      . (1.3) 

 

RH is highly dependent on temperature. The temperature dependence of RH is illustrated 

in Figure 1.1.  

Atmospheric corrosion often incorporates many chemical, electrochemical and 

physical processes on a surface which may have several different regimes (gas, interface, 

liquid, deposition, electrodic, and solid).
8,21

 Models which incorporate these six regimes 

are termed GILDES models. Typically, corrosion of metals begins the instant bare metal 

is exposed to the environment and forms either an oxide or hydroxide film which is 

usually a few nanometers in thickness. Almost immediately following surface 

hydroxylation water adsorption occurs which, depending on the relative humidity, can be 

anywhere from a few monolayers (ML) thick up to bulk water, more than five ML, 

during periods of direct surface wetting.
22

 The variability in water adsorption can be due 

to many factors including, but not limited to, defects or porosity of the surface, the 

inherent degree of the hydrophilic nature of the substrate and the amount of aerosols in 

the surrounding atmosphere.
8
 It has been shown that within a fraction of a second there 

can be enough monolayers of water present on a metal surface to behave as a bulk system 

and support ion transport, especially if aerosols are present.
8,23

 Aerosols act as 

condensation nuclei for water and can significantly increase the amount of water on a 
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surface.
24,25

 Water can deposit on the surface through different processes which impacts 

the thickness of water on the substrate. The estimated amount of water on a metal surface 

covered with dew is on the order of 10 g/m
2
, whereas the amount from rain is 

approximately 100 g/m
2
.
8
   

The anodic and cathodic reactions involved in atmospheric corrosion are 

primarily: 

 

M → M
n+

 + ne
-
 (anode  metal dissolution) (1.4) 

½ O2 + H
+
 + 2e

-
 → OH

-
 (cathode  oxygen reduction) (1.5) 

 

The  sites for these reactions tend to be spatially separated on the surface and, owing to 

the abundance of oxygen in the atmosphere, the anodic dissolution of the metal tends to 

be the rate-limiting step.
10

 The aqueous phase acts as a medium for the dissolved metal 

ions as well as an electrolyte. It also allows gaseous species to dissolve, diffuse, and 

come into contact with the surface. Atmospheric species which are typically considered 

significant to the corrosion process are: carbon, nitrogen and sulfur dioxides (CO2, NO2, 

and SO2), hydrogen chloride and sulfide (HCl and H2S), ammonia (NH3), molecular 

oxygen (O2), ozone (O3), and hydrogen peroxide (H2O2) as well as the many salt forms of 

these gaseous species and organic molecules.
10

 

Metal dissolution is often a key step in atmospheric corrosion. Metal dissolution 

primarily occurs through the complexing of dissolved ions to the metal surface, thereby 

weakening the surface bonding network, and allowing the metal to dissolve into the 

bulk.
10

 This is especially the case when there are surface terminated oxides or hydroxides 
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which are readily replaced by dissolved ions such as bisulfate (HSO4
-
)
10,26

 which 

complexes with metal cations. Once a metal cation is released into the bulk, there is a 

newly exposed surface metal atom which may then partake in further dissolution. The 

dissolved metal ions can form ion pairs, and at sufficiently high concentrations, begin to 

form precipitates on the surface.
27–30

 Eventually this will lead to total surface coverage of 

the metal substrate and formation of a visible corrosion product layer. Further corrosion 

requires transport of reactive species to the substrate and/or transport of metal ions away 

from the substrate. 

Since atmospheric corrosion is complex, attempts have been made at classifying 

exposure locations in order to simplify the parameters studied, see Table 1.1.
31,32

 In order 

to refine this classification system, several programs were launched which analyzed 

“coupons” (samples) exposed both within the U.S.A. and across the globe and with both 

long-term (months to years) and short-term (days to weeks) monitoring.
33,34

 This 

collection of data highlighted the need for simultaneous monitoring of key parameters 

such as SO2, Cl
-
, RH, and temperature alongside corrosion data. More recently, the 

International Organization for Standardization (ISO) created a protocol for outdoor 

exposures worldwide called ISO CORRAG, which is a collaborative atmospheric 

exposure program.
35,36

 This program initially included copper, steel, zinc, and aluminum 

exposed at sites in 12 countries in Europe and North America. This study based corrosion 

rates on weight loss, time of wetness, and deposition rates of Cl
-
 and SO2. The goal was 

to create better classifications for outdoor exposure conditions and to predict long-term 
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corrosion rates.
37

 Unfortunately, variability in sample exposure protocols still make 

comparisons from different outdoor exposures difficult. 

An important goal in the study of corrosion is to reproduce and accelerate the 

outdoor corrosion environment in a laboratory. One technique ubiquitous amongst 

corrosion labs is the salt spray chamber test (ASTM B117)
38

 where a sample is exposed 

to a salt fog in a closed chamber for a specified time. The fog is formed by atomizing an 

aqueous NaCl solution by means of a nozzle. This test is designed to model a marine 

environment. This accelerated laboratory test along with other ASTM standard tests are 

not always able to reproduce corrosion rates observed in the field.
1–3,39

 Sometimes lab 

tests will predict slower or faster corrosion than what is observed in the field tests. This 

discrepancy may be due to an oversimplification of the environment into a one or two-

component system. Hence, there is a great need for new standardized testing methods or 

modifications to existing testing equipment.  
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Figure 1.1 Partial pressure of water vapor in air at various temperatures and at 100% 

(solid black curve) and 50% (dashed red curve) relative humidity.
40,41

  

 

 

 

Table 1.1 Classification of environments used in previous corrosion studies.
31,32
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1.4 Atmospheric Chemistry 

In order to understand and accurately predict atmospheric corrosion of metals, 

atmospheric chemistry in the exposure location must be understood. Atmospheric 

chemistry is a subject involving numerous atmospheric constituents. Radicals and ions 

play a significant role in gas phase chemistry. Particulate matter (PM) is another key part 

in atmospheric chemistry since it can be both detrimental to health and air quality and can 

also act as a reactive site for gas phase reactions. PM refers to solid particles with a 

diameter of less than 10 m suspended in air. Particulates are produced both biogenically 

and anthropogenically. Aerosols refer to particles and liquids suspended in a gas. These 

constituents evolve in time as they react with each other and themselves through 

competing processes. Meteorology must also be considered since it can transport 

atmospheric species away from the source. Therefore, pollution sources may impact the 

atmospheric chemistry of areas further away than would be possible without this 

transport. 

Earth’s troposphere is a highly oxidizing environment for both chemical species 

and surfaces which are exposed to it. The most important oxidant in the troposphere is 

hydroxyl radical (OH), followed closely by ozone (O3).
42

 Nitrate radical (NO3) is the 

main oxidant for nighttime oxidation.
43,44

 Chlorine radical (Cl) plays a key role in 

oxidation in marine areas.
45–50

 Hydroxyl radical, ozone, sulfur, and chlorine, are 

discussed in the following sections with respect to a general atmospheric chemistry 

understanding and the possible impacts they pose to metallic surfaces, namely silver. 
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1.4.1 OH Radical 

The OH radical is a highly reactive species (lifetime less than one second)
51

 with 

a steady-state concentration of 10
5
-10

6
 cm

-3
.
42,52

 These two factors designate OH radical 

as the most important oxidant in both urban and rural environments. In rural areas, the 

major source of OH is the photolysis of O3.
42,53

 

 

O3 + h 
          
→        O2 + O(

1
D), (1.6) 

O(
1
D) + H2O(g) → 2OH. (1.7) 

 

In polluted regions, in addition to O3 as an OH source, the presence of other species also 

contributes to OH production.
42

 

 

HONO + h 
          
→        OH + NO, (1.8) 

H2O2 + h 
          
→        2OH, 

(1.9) 

HO2 + NO → OH + NO2, (if [NO] > 10 ppt). (1.10) 

 

The OH radical then goes on to oxidize other species in the atmosphere as well as 

surfaces it may come in contact with. In regions with low biogenic volatile organic 

compounds (VOC) emissions, OH is removed by reactions involving CH4, CO, and O3:
42

 

 

OH + CH4 + O2 → CH3O2 + H2O, (1.11) 

OH + CO + O2 → HO2 + CO2, (1.12) 

OH + O3 → HO2 + O2, (1.13) 



 

12 

 

HO2 + O3 → OH + 2O2, (1.14) 

2HO2 → H2O2 + O2. (1.15) 

 

This process leads to a photochemical destruction of tropospheric ozone in rural and 

remote areas.  

The reaction of atomic oxygen with silver is expected to form Ag2O easily.
1
  

 

2Ag + O → Ag2O, (1.16) 

 

However, the abundance of water in the outdoor environment and the reactions in (1.6) & 

(1.7) predicts more OH than O is present in field exposures.
1,54

 The OH radical may also 

lead to formation of Ag2O.
1
 

 

2Ag + 2OH → Ag2O + H2O (1.17) 

 

OH radical is less abundant in the troposphere due to its ability to react quickly with 

various species in the atmosphere and with surface adsorbed species.
8
 

 

1.4.2 Ozone  

The adverse health effects that ozone poses in the troposphere make it an 

important area of research.
55–57

 In urban areas, ozone concentrations typically range from 

50-100 ppb and can exceed that significantly during high-ozone events; for comparison, 

rural areas are typically less than 30 ppb.
8,58

 The primary formation mechanism of O3 in 
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the troposphere is through the photolysis of NO2 which forms O(
3
P). Molecular oxygen 

then reacts with O(
3
P) to form ozone.

42 

 

NO2 + hv 
          
→        NO + O(

3
P) (1.18) 

O(
3
P) + O2 

 
→ O3 

(1.19) 

NOx + VOC + hv → O3 + PAN + particles (1.20) 

 

PAN = Peroxyacetyl nitrate and VOC = volatile organic compounds. Along with O(1D) 

and OH, ozone can react with a metal to form an oxide such as: 
1,2

 

 

2Ag + O3 → Ag2O + O2 (1.21) 

 

 

Ozone can also contribute to oxidation of metals through its photolysis which forms 

O(
1
D) which can lead to OH formation, Eq. (1.6). Ozone also reacts with water to form 

hydrogen peroxide which further generates the highly reactive OH radical.
59–64

 

1.4.3 Sulfur 

Sulfur species impact the corrosion of metals exposed in outdoor environments. 

Atmospheric sources and sinks of sulfur are given in Table 1.2. Total reduced sulfur 

(TRS) refers to hydrogen sulfide (H2S), methyl mercaptan (CH3SH), dimethyl sulfide 

((CH3)2S) and dimethyl disulfide ((CH3)2S2).
65–68

 Reduced sulfur is emitted from 

industrial processes such as paper milling, sewage treatment facilities, animal feeding 

operations, oil refineries, landfills, as well as from biota.
69

 Corrosion involving reduced 

sulfur species tends to occur near the source since sulfur species are easily oxidized in the 
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atmosphere. Most corrosion involving H2S would occur through dissolution into a surface 

water layer:
8,10

 

 

H2S(g) → H2S(aq) → H
+
 + HS

-
. (1.22) 

 

Since the atmosphere is oxidizing, sulfur species are oxidized on within days.
42,70

 

Oxidized sulfur in the troposphere includes: SO2, OCS, DMSO, H2SO3, H2SO4, and 

many other species. Oxidized sulfur is emitted through biogenic and anthropogenic 

sources. Carbonyl sulfide (OCS) is the most abundant sulfur containing species in the 

atmosphere.
71

 OCS is emitted less heavily to the atmosphere than SO2 but is a stable 

intermediate in the life of sulfur compounds in the troposphere. The estimated half-life 

for OCS is two years with the main destructive pathways being from reaction with O(
1
D) 

and OH radical.
72

 

Virtually all sulfur from the combustion of fossil fuels is emitted as sulfur dioxide 

(SO2). Once emitted, SO2 is oxidized in the gas phase or in aerosols. OH radical is the 

only substantial oxidant for SO2 in the gas phase whose product is further oxidized by O2 

and finally reacts with water to form sulfuric acid which is highly soluble: 
73,42

  

 

SO2(g) + OH 
 
→ HOSO2, (1.23) 

HOSO2 + O2 
 
→ HO2 + SO3, 

(1.24) 

SO3 + H2O → H2SO4,  (1.25) 

H2SO4 → SO4
2-

 + 2H
+
. (1.26) 



 

15 

 

 

Sulfur dioxide will easily dissolve in water leading to aqueous phase oxidation: 
73,42

 

 

SO2(g) + H2O ↔ SO2•H2O(aq), (1.27) 

SO2•H2O(aq) ↔ HSO3
-
 + H

+
, (1.28) 

HSO3
-
 ↔ SO3

2-
 + H

+
. (1.29) 

 

Ozone may further enhance the oxidation of sulfur in the aqueous phase:
42

 

 

2O3 + OH
-
 → OH + O2

-
 + 2O2, (1.30) 

OH + HSO3
-
 → HSO3

-
 + OH

-
. (1.31) 

 

Surface adsorption of SO2 may be a dominant pathway for oxidation. Metal ion catalyzed 

oxidation of SO2 has been well studied in the literature. 
42,74–77

 The corrosion effect of 

SO2 is discussed further in Chapter 3. Any amount of SO2 may undergo either wet or dry 

deposition onto surfaces, as was given in Equations (1.23)-(1.29), forming a solvated 

sulfite, bisulfite, sulfate, or bisulfite ion which can then corrode the metallic surface. 

Slightly higher amounts of sulfate are present in non-urban areas when compared to 

urban locations.
25
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Table 1.2 Sources and sinks of atmospheric sulfur (adapted from Leygraf and Graedel, 

2000).
8,15,16

 

Sources & Sinks Flux 

(Tg/yr) 
  

Sources (natural)  

    Volcanoes 9 (variable) 

Sources (anthropogenic)  

    Fossil fuel combustion 60 

    Industry (smelting) 5 

    Biomass burning 2 
  

Total sources 76 

  

Sinks  

    Dry deposition 35 

    SO4
2-

 conversion on aerosols 30 

    Reaction with OH 11 

    Wet deposition <1 
  

Total sinks 76 

 

1.4.4 Chlorine 

Atmospheric chemistry and the corrosion of metals are influenced by the 

existence of seawater nearby, especially by sea spray aerosols.
17,18

 A list of selected 

species that are observed in sea water along with average concentrations is given in Table 

1.3.
41

 Aerosol particles formed through wave action can be transported long 

distances.
42,78

 The emission flux for various natural and anthropogenic sources of 

aerosols are given in Table 1.4.
8,42

 Overall aerosol flux is governed by natural sources but 

anthropogenic emissions likely dominate at locations near industrial or urban areas, as 

seen in Tables 1.3 and 1.4. Global latitudinal mixing occurs on the time scale of one year 

in the troposphere and meteorology transports atmospheric components long distances.
42
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Therefore, it is important to not only understand local sources but also sources upwind of 

the studied areas.  

Chloride has been shown to impact metallic corrosion at marine and inland 

locations. Droplets of seawater produced through wave-action contain NaCl, which can 

react with NOx species to produce reactive chlorine radicals.
42

 

 

NaCl + HNO3 → NaNO3 + HCl (1.32) 

NaCl + N2O5 → NaNO3 + ClNO2 (1.33) 

ClNO2 + h 
      
→     Cl + NO2 

(1.34) 

NaCl + ClONO2 → NaNO3 + Cl2 (1.35) 

Cl2 + h 
          
→         2Cl (1.36) 

 

Chloride deposition may be up to 1500 mg/m
2
∙day in marine environments.

10
 Chloride 

concentrations have been recorded at up to 150 ppt in the marine boundary layer,
79

 which 

is consistent with chlorine chemistry dominating in locations near saltwater sources. 

Studies have detected salt particles as far inland as 900 km in Alaska, indicating long-

range transport.
80

 With atomic chlorine measurements between 10
3
-10

6
 radicals/cm

3
 in 

the marine boundary layer,
81,82

 and a global annual average of approximately 10
3
 

atoms/cm
3
 it is clear that chlorine chemistry is not only significant near coastal areas, but 

also inland.
8,42

 

There have been many studies on chlorine chemistry in the atmosphere. These 

studies include ammonium chloride (NH4Cl),
83

 hydrochloric acid (HCl),
84

 the oxy-anion 

(OCl
-
),

85
 and many other measurements. Sources of HCl are given in Table 1.5. Since 
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high levels of atomic chlorine have been recorded far from any saltwater sources, there is 

currently discussion on continental chloride processes.
5,6,63,79,86–91

 This current work has 

focused on the intermediate ClNO2 which forms at night and photolyzes during the day to 

produce chlorine radical. 

 

N2O5(g) + H2O(aq) → 2HNO3(aq), (1.37) 

N2O5(g) + Cl
-
(aq) → ClNO2(g) + NO3

-
(aq), (1.38) 

ClNO2+ hv → Cl+NO2 (1.39) 

 

This source for ClNO2 and ultimately Cl is important in polluted regions, especially in 

those near saltwater since both NOx and Cl
-
 are necessary.

5
 However, since the formation 

of ClNO2 occurs at night, there exists the possibility for this reservoir species to transport 

chlorine a significant distance from the source before it is photolyzed.
88

 

Chlorine corrosion is of significant interest, as was discussed earlier, and progress 

has been made in understanding and replicating the corrosion in the lab.
2,3

 There are 

many possible mechanisms through which a metal chloride corrosion product can be 

formed. For instance, it has been shown that CH3Cl will readily dissociate on a metal 

surface.
92

 Also, when O3 is added to chloride ion containing water, Cl2 is generated 

which could then react with a metal surface nearby.
93,94

  

 

Cl2+ 2Ag → 2AgCl (1.40) 
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Other forms of oxidized chlorine (ClO
-
, HO3Cl, HOCl, and ClO4

-
) could possibly react 

with metals.
94–96

 Atomic chlorine or solvated chloride ions can also form AgCl:
2
  

These chlorine species are reactive on their own or may replace oxygen in Ag2O to form 

AgCl as the final corrosion product.
2
 

 

 

 

 

 

 

 

 

Table 1.3 Typical sea water concentrations of selected ionic species (adapted from 

Handbook of Chemistry and Physics).
44

 

Species Concentration 

(mg L
-1

) 
  

Br 65 

C 28 

Ca 4 × 10
2
 

Cl 1.9 × 10
4
 

F 1.3 

I 6 × 10
-2

 

K 3.8 × 10
2
 

Mg 1.35 × 10
3
 

Na 1.05 × 10
4
 

Si 3 

S 8.85 × 10
2
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Table 1.4 Emission fluxes of atmospheric aerosol particles (adapted from Leygraf and 

Graedel, 2000).
13

 

Sources Flux (Tg/yr) 
  

Natural  

Direct  

    Soil dust 1500 

    Sea salt 1300 

    Biological debris 50 

    Volcanic dust 33 

Indirect  

    Sulfates from natural precursors 102 

    Organic matter from biogenic VOC 55 

    Nitrates from NOx 22 
  

Anthropogenic  

Direct  

    Industrial dust 100 

    Soot from fossil fuels 8 

    Soot from biomass combustion 5 

Indirect  

    Sulfates from SO2 140 

    Biomass burning 80 

    Nitrates from NOx 36 
 

 

Table 1.5 Sources and sinks of atmospheric hydrogen chloride (adapted from Leygraf 

and Graedel, 2000).
8,46

 

Sources & Sinks Flux (Tg/yr) 
  

Sources (natural)  

    Volcanoes 2.0 

Sources (anthropogenic)  

    Sea salt dechlorination 50.0 

    Fossil fuel combustion 4.6 

    Biomass burning 2.5 

    Incineration 2.0 

    Transport from stratosphere 2.0 
  

Total sources 63.1 

  

Sinks  

    Surface deposition 63.1 
  

Total sinks 63.1 
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1.5 Silver Corrosion as a Simplified Model of Metallic Corrosion 

In order to be able to accurately predict the corrosion observed in field tests and to 

reproduce it in the lab, it is essential to understand the mechanisms governing outdoor 

corrosion processes. For this reason, there is an interest in the atmospheric corrosion of 

metals in different environments. Among the metals that have been studied, a 

considerable body of work has been devoted to silver in various environments, because 

silver can be used as a proxy for other materials.
97–103

 Silver is a metal which exhibits the 

aforementioned discrepancy between lab and field tests. If silver is left in a salt fog 

chamber it will not form any significant corrosion products even after a year or more, yet 

if exposed outdoors silver will form visible corrosion products within days to weeks 

depending on the exposure environment.
29, 89

 Also, silver corrosion products are generally 

more easily identifiable than other metals possessing more complex chemistries. As well 

as being simpler by degrees than studying alloys and/or polymer coated samples.  

Another reason for the use of silver is that it also typically exhibits uniform 

corrosion, where the “loss of material [is] distributed uniformly over the entire surface 

exposed to the corrosive environment”
10

 which lends itself to analysis by standard lab 

techniques. Although the use of silver outdoors is not common, it has many specialized 

uses in electronics, solder, silverware, photography, and decorative items or jewelry, 

etc.
90, 91

 Silver mirror coatings are currently of interest for use in very large telescopes 

and other optical components where degradation of the reflecting surface is not 

desirable.
106
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The physical behavior of silver has been studied for decades, yet a fundamental 

understanding of the corrosion processes involved in its degradation is still lacking.
38, 85, 

93
 In order to have a more complete picture of how corrosion occurs on a silver surface, a 

knowledge of the atmospheric chemistry governing the degradation is necessary. Before a 

link can be made between the atmospheric chemistry of a region and the corrosion 

observed on a silver coupon, accurate identification of corrosion products and their 

formation mechanisms are necessary.  

The atmospheric corrosion of silver has been discussed in the literature and a brief 

summary is given here.
100

 As stated in section 1.3, corrosion is often initiated only after 

adsorption of water has occurred. Surface layers of water facilitate ion transport and 

silver dissolution, thus promoting the corrosion process. The adsorption of water in air 

onto a silver surface has been demonstrated to follow the equation:
100

  

 

  (  )       (
  

  
 )       , (1.41) 

 

where ML is the number of monolayers of water adsorbed on the surface and   /  
  is the 

partial pressure of water at 25°C. With a temperature of about 25°C, there are at least a 

few monolayers of water on the surface even at low RH.
100

 As is the case with most 

metals, water plays a key role in the corrosion process of silver as it allows absorption of 

gases and promotes dissolution. The anodic oxidation of silver is written as: 

 

Ag → Ag
+
 + e

-
. (1.42) 
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In acidic solution, this reaction is balanced by oxygen reduction and hydrogen evolution. 

 

O2 + 4H3O
+
 + 4e

-
 → 6H2O (1.43) 

2H3O
+
 + 2e

-
 → 2H2O + H2 (1.44) 

 

Whereas in neutral solution those reactions are instead: 

 

O2 + 2H2O + 4e
-
 → 4OH

-
, (1.45) 

2H2O + 2e
-
 → 2OH

-
 + H2. (1.46) 

 

In order to understand the dynamics of species adsorbed in water, both Henry’s 

law and solubility product constants must be known. The solubility of a gas is governed 

by Henry’s law:
108

  

 

          ⁄ , (1.47) 

 

where    is the Henry’s law constant of species X,       is the concentration of species 

X in the aqueous phase, and    is the equilibrium gas phase pressure of species X. The 

Henry constants of some selected atmospheric species are given in Appendix A. The 

solubility product constant (Ksp) describes the solubility of a solid chemical in water and 

is equal to the concentration of products over reactants where each concentration is raised 

to its stoichiometric coefficient (P or R, respectively).  
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  (1.48) 

 

The solubility trend of several common silver corrosion products is as follows.  

 

Ag2S < AgCl < Ag2SO3 < Ag2C2O4 < Ag2O < Ag2SO4 < AgCO2CH3 

 

The     values of these compounds are also given in Appendix A.
41

 

Atmospheric corrosion involves both atmospheric particles and gases which are 

deposited onto surfaces and/or dissolved in surface adsorbed water. These particles and 

gases are removed from the air through both wet and dry deposition. These terms refer to 

the state of the pollutant, not to that of the surface on which they deposit. Wet deposition, 

  , can be described by:
42

  

 

     , (1.49) 

 

where   is the washout coefficient (fraction removed in unit time by rain below cloud 

base) and   is the concentration of pollutant.
33,94,95

 Besides meteorology, other factors 

may affect wet deposition, such as solubility, type of solvent, pH, temperature, etc. Dry 

deposition, is typically defined as deposition velocity,   , by the following equation.
42

  

 

         ⁄ , (1.50) 

 

where   is the flux of a species to the surface (amount of species deposited per unit area 

per sec) and      is the concentration of pollutant at a height  .  
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Wet deposition rates for some atmospheric constituents have been reported in the 

literature and are listed in Table 1.6.
111

 The values are a product of the indoor 

concentrations of these species and the empirical deposition velocities over a range of 

humidity. Ionic species may also be deposited onto the surface; these include Cl
-
, SO4

2-
, 

NO3
-
 and to a lesser extent S2

-
, CO3

2-
, and organics. The presence of adsorbed salts will 

increase the surface wetting due to their hygroscopic nature and should therefore increase 

the ability of atmospheric species to adsorb onto the surface.
24,112

 The wet deposition 

rates of chloride, sulfate and nitrate are also given in Table 1.6.
113

 The deposition rate of 

these ions is calculated by adding the products of the concentrations and deposition 

velocities for both fine and coarse particulates.  

Silver, a noble metal, is different from many metals in that it is only predicted to 

form a surface oxide layer under wet conditions, at pH ≥ 12, and in the presence of strong 

oxidizers.
85,99

 In these conditions, Ag2O is only stable in a limited high pH range and can 

be formed on silver following several reactions (see the Pourbaix diagrams in Appendix 

B). 

 

2Ag + O → Ag2O (1.51) 

2Ag + O3 → Ag2O + O2 (1.52) 

2Ag + 2OH → Ag2O + H2O (1.53) 

 

Even when there is a native oxide layer present, it may be readily replaced by other ionic 

species which have a higher binding preference, such as chloride or sulfide.
2,100
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A typical corrosion product on silver surfaces exposed to the environment is Ag2S 

which may be formed through the reaction of silver with H2S, OCS or other reduced 

forms of sulfur:
100,115–117

  

 

2Ag + H2S → Ag2S + H2 (dry) (1.54) 

2Ag + H2S + ½O2 → Ag2S + H2O (humid) (1.55) 

OCS + H2O → H2S + CO2 (1.56) 

2Ag + OCS → Ag2S + CO (1.57) 

Ag2O + H2S → Ag2S + H2O (1.58) 

Ag2O + OCS → Ag2S + CO2 (1.59) 

 

The presence of oxidizing species such as O3 and NO2 has been shown to increase the 

formation rate of Ag2S.
107

 It has been demonstrated that there is no “ready route” to 

oxidize Ag2S into Ag2SO4 due to an unfavorable energy barrier.
100,117

 Silver sulfate has 

been formed from the reaction of silver with either SO2 or sulfate/sulfite ions in 

laboratory studies.
118,119

 However, it is stated in literature that “the corrosion of silver to 

form silver sulfate has had little evidence as a process or product”.
100

  

Although historically, Ag2S was thought to be the dominant corrosion product for 

silver, many studies have also shown high levels of AgCl, often exceeding the amounts of 

Ag2S.
1,4

 In the past, AgCl was thought to form on silver surfaces predominantly through 

the adsorption/reaction of either HCl or molecular chlorine, Cl2. It has been demonstrated 

more recently in lab studies that AgCl formation may occur in the presence of HCl, Cl2, 
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or NaCl, not directly as a combination with Ag, but rather through an Ag2O 

intermediate:
2
 

 

Ag2O + Cl2 → 2AgCl + ½O2 (1.60) 

 

or in solution, by the following reaction. 

 

Ag2O + 2Cl
-
 + H2O → 2AgCl + 2OH

-
 (1.61) 

 

Since accelerated lab tests were previously unable to create AgCl, modifications have 

been proposed.
3
 These include introduction of O3 and UV light to the salt fog tests. This 

modification of the B117 chamber can be used to reliably generate AgCl and resulted in 

calculated acceleration factors of up to 20 times that of marine environments.
3
 

 

Table 1.6 Wet deposition rates of selected atmospheric species (adapted from Graedel, 

1992).
100

 

    

Species Deposition Rate 

(ng/cm
2
s) 

Species Deposition Rate 

(ng/cm
2
s) 

    

O3 1.3 × 10
-3

 Cl
-
 1.0 × 10

-6
 

H2O2 5.0 × 10
-4

 SO4
2-

 8.6 × 10
-6

 

H2S 1.3 × 10
-5

 NO3
-
 3.8 × 10

-6
 

OCS 1.5 × 10
-5

   

SO2 4.0 × 10
-3

   

HCl 2.4 × 10
-5

   

NH3 3.5 × 10
-4

   

NO2 4.6 × 10
-5

   

HNO3 5.5 × 10
4
   

HCHO 6.3 × 10
-5

   

HCOOH 2.3 × 10
-4

   

CH3COOH 2.5 × 10
-4
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1.6 Problems and Goals 

There has been much work on the atmospheric corrosion of silver over the years 

and one major improvement has been suggested for improving the accuracy of lab tests.
1–

4
 However, there remains a missing connection between outdoor corrosion and 

accelerated lab tests. The accelerated lab tests are still not able to accurately reproduce 

the corrosion seen in the field. If one desires a true accelerated test, the mechanism for 

corrosion needs to be the same in the lab as it is for the field.  

Therefore, the focus of this thesis is to understand the surface of the silver and the 

corrosion products formed on it in order to determine which atmospheric components 

play a major role in the corrosion process of silver. The hypotheses which will be 

discussed in this thesis are:  

1) Corrosion products formed on silver samples are representative of local 

atmospheric conditions taking into account meteorological transport.  

2) Atmospheric sulfur species are responsible for a significant amount of 

corrosion on field-exposed silver.  

3) The formation of Ag2SO4 proceeds via the intermediate Ag2SO3, and is 

dependent on the presence of cations.  

4) AgCl formation at non-marine locations supports recent measurements of 

inland ClNO2 and Cl radical discussed in the literature.  

This dissertation is organized as follows. Background of corrosion and 

atmospheric chemistry is given in Chapter 1. The experiments performed including 

experimental parameters are given in Chapter 2. Chapter 3 discusses the role of sulfate 
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and sulfite in the atmospheric corrosion of silver. Chapter 4 discusses a possible link 

between recent inland chloride measurements and the ubiquitous detection of silver 

chloride in outdoor corrosion measurements. Finally, Chapter 5 summarizes the results 

and suggests future directions for silver corrosion studies.  
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2. Experimental 

2.1 Sample Handling, Exposure, and Set-up 

2.1.1 Field-Exposed Samples – New Hampshire  

Samples which were 99.99% pure silver (Lucas-Milhaupt) measuring 3.0” (long) 

x 0.50” (wide) x 0.011” (thick), polished to 1200 grit on metallographic paper (Buehler) 

and cleaned in warm isopropanol (Fisher, 99.9%) were exposed at two locations, Figure 

2.1, Appledore Island, ME and Thompson Farm, NH. Half of the samples were exposed 

vertically with a cover (Figure 2.2 and Figure 2.3) in order to minimize contamination 

from the surroundings, such as animals, humans, or direct rain wash-off and half were 

left unsheltered. (Also pictured are polymer coated steel samples which were analyzed by 

another researcher.) The samples were all exposed at the same time beginning in October 

2010 and were returned in 1, 2, 3, 4, and 6 month intervals. Samples were sent via airmail 

in sealed and clean glass vials. At all times, sample handling was done by wearing by 

nitrile gloves. Standards were also sent together with the samples for exposure. The 

standards remained in sealed glass vials during the length of exposure but were sent 

together with the samples which were exposed outdoors. These two locations were 

chosen since there is a long history of atmospheric chemistry data collected at these sites 

from the University of New Hampshire. The atmospheric chemistry is significantly 

different between the Farm and Island. Thompson Farm is a mixed forest area (not an 

active farm site) at an elevation of approximately 130 ft, (43.1078N, 70.9517W). 
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Appledore Island is a 95 acre island located 6.5 miles off the coast of New Hampshire, in 

the Isles of Shoals. The island is at sea level, and the balcony on which the samples were 

mounted was around 200 m from the shoreline (42.97N, 70.62W). 

 

 

Figure 2.1 Map of the New England region of the United States showing the location of 

the two exposure sites from the work done with the University of New Hampshire: 

Thompson Farm (NH) and Appledore Island (ME). 

Appledore
Island

Thompson
Farm



 

32 

 

 

Figure 2.2 Pictures showing the sample exposures at Appledore Island, ME. Top is 

unsheltered and bottom has a slight overhang to minimize contamination and wash-off. 



 

33 

 

 

Figure 2.3 Pictures showing the sample exposures at Thompson Farm, NH. Top is 

unsheltered and bottom has a slight overhang to minimize contamination and wash-off. 

 

 

2.1.2 Field-Exposed Samples – Hawaii  

Samples which were 99.99% pure silver (Lucas-Milhaupt) measuring 3.0” (long) 

x 0.50” (wide) x 0.011” (thick), polished to 1200 grit on metallographic paper (Buehler) 

and cleaned in warm isopropanol (Fisher, 99.9%) were exposed at three locations: 

Kaneohe marine air base on Oahu (marine), Kilauea volcano on the big island (volcanic), 
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and Mauna Loa observatory on the big island (alpine, no vegetation). A map of these 

locations is given in Figure 2.4. Kaneohe MAB is located within 100 ft of breaking 

waves and the sample test racks faced the shoreline. Kilauea volcano erupted days after 

the samples were deployed on the test racks.
120,121

 Mauna Loa observatory is located at an 

elevation of approximately 3.4 km. This elevation keeps the samples above the 

temperature inversion layer (trade inversion) at 2 km about 75% of the year.
122,123

 

Therefore, most of the atmospheric species at this elevation are isolated from the ground-

level.
124

   

The samples were exposed vertically, half without a cover and half with a cover 

(Figure 2.5) in order to minimize contamination from the surroundings, such as animals, 

humans, or direct rain wash-off. The samples were all exposed beginning in March 2011 

and were returned at 1, 3, and 6 month intervals. Samples were sent via airmail in sealed 

and clean glass vials. At all times, sample handling was done by wearing by nitrile 

gloves. Standards were also sent together with the samples for exposure. The standards 

remained in sealed glass vials during the length of exposure but were sent together with 

the samples which were exposed outdoors. These three sites were chosen since the 

climate and terrains are diverse. Differences in these environments were proposed to 

yield differing types of corrosion. Also, an existing collaboration with the University of 

Hawaii allowed deployment of samples to existing test racks. 
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Figure 2.4 Map of exposures in Hawaii. Kaneohe marine air base was on the eastern 

coast of Oahu. Mauna Loa observatory and Kilauea volcano are both on the big island.  

Kaneohe

Kilauea

Mauna Loa
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Figure 2.5 Pictures showing the sample exposures at Mauna Loa observatory (top), 

Kilauea volcano (middle), Kaneohe marine air base (bottom) in Hawaii. Half the samples 

were covered by a slight overhang to minimize wash-off and contamination and the other 

half were unsheltered. Identical racks were used at all 3 locations and were mounted onto 

existing exposure racks which were at 45°. 
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2.1.3 Field-Exposed Samples – USA & Antarctica Single Measurements 

Field-exposed samples were received from W. Abbott at Battelle Memorial 

Institute (Columbus, Ohio). The samples were 99.99% pure silver (Handy & Harmon) 

measuring 3.5” (long) x 0.50” (wide) x 0.030” (thick), polished to 600 grit on 

metallographic paper (Buehler) and cleaned in warm isopropanol (Fisher, 99.9%). 

Samples were exposed outdoors for three months at multiple locations, Table 2.1. 

Exposure sites, indicated in Figure 2.6, include:  Whidbey Island Naval Air Station, WA; 

Oahu (Lyon Arboretum and Coconut Island), HI; Randolph Air Force Base, TX; 

Montgomery Army Airfield, Conroe, TX; Battelle Memorial Institute, West Jefferson, 

OH; Daytona Beach, FL; Gabreski Airfield, Long Island, NY; and Woodstock, ME. The 

samples were exposed vertically with a cover (Figure 2.7) in order to minimize 

contamination from the surroundings, or direct rain wash-off.  

The samples were polished no more than one month before being shipped to the 

exposure location. The samples were mounted onto plastic cards immediately after 

polishing and were stored in poly, zip lock bags. Samples were typically shipped no more 

than a few days before deployment date. They were shipped via air mail, pre-mounted on 

the plastic cards, in the poly bags and placed inside plastic VHS cases. The samples were 

returned to Battelle within 1-2 days after being removed from exposure in the same 

manner as originally shipped. The samples were then removed from the plastic cards and 

stored in glass vials until they were given to me. They were analyzed via XPS within one 

week of receiving them. The samples were always handled with gloves, and if they were 

cut it was with cleaned tin snips or scissors. 
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- Coconut Island is a 28 acre island in Kane’ohe Bay off the northeast coast of Oahu, 

HI, and is a coral reef. It is a marine research facility of the University of Hawai’i.
125

 

- Conroe, TX is about 40 miles north of Houston. Montgomery Army Airfield is the 

exact location that the sample was exposed. 

- Daytona Beach, FL is located on the Atlantic Ocean and has a humid sub-tropical 

climate; average rainfall for the year is about 50 inches.  

- Long Island, NY is an island extending into the Atlantic Ocean just east of New York 

City and is loosely described as a humid sub-tropical climate. Gabreski Airport is on 

Long Island and is approximately 80 miles east of New York City.  

- Lyon Arboretum on Oahu, HI is a 200 acre arboretum and botanical garden, most of 

which is an artificial lowland tropical rainforest.  

- Randolph air force base in Texas is located about 15 miles east-northeast of San 

Antonio.  

- West Jefferson, OH is approximately 20 miles west of Columbus, the sample used 

here was exposed at a branch of Battelle Memorial Institute which is surrounded by 

farmland and bordered by the Big Darby Creek.  

- Whidbey Island, WA is about 30 miles north of Seattle. The northern end of the 

island is the location of N.A.S. Whidbey, here the average rainfall is 26 inches and 

the soil is composed mostly of rock, this is home to a lightly used airfield. Central 

Whidbey Island is a rural agricultural area.  

- Woodstock, ME is located approximately 25 miles east of the New Hampshire 

border.  
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These locations were chosen as an ongoing campaign of silver corrosion data by William 

Abbott at Battelle Memorial Institute and were requested to give a wide range of single 

point measurements for comparison. 

Most samples were analyzed by XPS at two locations on the surface. Spot A was 

a darker area whereas Spot B was slightly lighter, to the eye. In addition, the samples 

were rinsed with deionized water and dried with nitrogen gas. This rinsing process was 

repeated three times. The sample was then rescanned on approximately the same spot as 

Spot A, a dark section of the sample. Only Randolph and West Jefferson were not 

scanned in a second location before rinsing. 

A sample was also received from W. Abbott at Battelle Memorial Institute 

(Columbus, Ohio) which was exposed outdoors near an airfield at McMurdo Station, 

Antarctica (Figure 2.8) for two years and was received for analysis in March of 2009. 

The sample was prepared in the same way as those mentioned above. It was 99.99% pure 

silver (Handy & Harmon) measuring 3.5” (long) x 0.50” (wide) x 0.030” (thick), polished 

to 600 grit on metallographic paper (Buehler) and cleaned in warm isopropanol (Fisher, 

99.9%). The sample was exposed vertically with a cover (similar to that in Figure 2.7) in 

order to minimize contamination from the surroundings, such as animals, humans, or 

direct rain wash-off. 

Time A and B refer to the amount of time elapsed between receipt of the sample 

and when it was run on the XPS. Time A was run within one week of receiving the 

sample, while Time B was run nearly two years later. The rinsing technique is the same 

as for the single measurements across the USA. In addition, the samples were rinsed with 
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deionized water and dried with nitrogen gas. This rinsing process was repeated three 

times. 

McMurdo Station is a United States operated station on the Ross Ice Shelf on 

West Antarctica. There are around 1000 residents during the summer and about 200 in 

the winter months.
126

 Temperatures range from -50 to 11°C with an average of -18°C. 

There is little precipitation and the average wind speed is 11 mph gusting up to 116 mph. 

There has been much research on climate change at this station and some work on 

corrosion has been done here as well.
83–85,126–130

 

 

 

 

 

 

Table 2.1 Exposure dates for Battelle silver coupons. 

Location Dates of Exposure 

Film Thickness by 

Reduction, A 

AgCl Ag2S 

Whidbey, WA 8/13/08-11/17/08  3766 163 

Woodstock, ME 6/29/04-9/30/04 211  

Long Island, NY 5/22/08-8/26/08  1650 54 

Daytona Beach, FL 10/6/10-1/6/10  4825 54 

West Jefferson, OH 12/6/08-3/6/09  550  

Lyon Arboretum, HI 11/22/08-2/25/09  634  

Coconut Island, HI 11/24/08-2/25/09  6052  

Randolph, TX 10/12/08-1/12/09  2073 136 

Conroe, TX 10/5/08- 1/5/09  1735 240 

West Jefferson, OH 5/27/10-6/27/10  555 30 

Daytona Beach, FL 6/7/10-7/7/10  730 102 

McMurdo, ANT 1/07-1/09 899  
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Figure 2.6 (a) A map of the continental United States showing the locations of the 

exposure sites: Whidbey Island Naval Air Station, WA; Randolph Air Force Base, TX; 

Montgomery Army Airfield, Conroe, TX; West Jefferson, OH; Daytona Beach, FL; 

Gabreski Airfield, L Long Island, NY; and Woodstock, ME. The prevailing winds are to 

the east in direction on average across the contiguous 48. (b) A map of Hawaii with an 

inset showing the two locations on Oahu: Lyon Arboretum and Coconut Island. The 

prevailing winds are on average to the west across Hawaii. 
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Figure 2.7 Photographs showing a sample exposure rack typical of those used for the 

nationwide single-point measurements. The set-up has a slight overhang to minimize 

contamination and wash-off. 
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Figure 2.8 Map of Antarctica showing the location of the sample exposed at McMurdo 

Station for two years. 

 

 

 

2.1.4 Accelerated Laboratory Samples 

The silver samples used in accelerated laboratory tests were prepared by Huang 

Lin at Ohio State University.
131

 The samples were 99.99% pure silver (Lucas-Milhaupt) 

approximately 17 mm x 17 mm x 2 mm and were wet polished to 1200 grit on silicon 

carbide (SiC) paper (Buehler) then ultrasonically cleaned in ethanol (Fisher, 99.9%) for 5 

min. The samples were then dried in a desiccator for 24 hr before exposure. 

McMurdo
Station

90°E

0°E

90°W

180°W

To U.S.A.



 

44 

 

The experimental apparatus (glass chamber) used in the laboratory exposures has 

been shown previously.
54

 Briefly, oxygen gas is passed through an ozone generator 

creating between 50 ppb to 50 ppm O3. This is then combined with a mixture of dry and 

water-saturated N2 gas in order to produce the desired % RH. A 254 nm UV lamp with an 

intensity of approximately 4 mW/cm
2
 was used as the exciting light source. 

In order to reproducibly crystalize NaCl on the silver surface, fast evaporation of 

a NaCl/ethanol solution was used on polished silver samples. The solution was prepared 

in two steps. First, NaCl was dissolved in deionized (DI) water to make a 1.67 wt% NaCl 

solution and then it was diluted with pure ethanol to reach a concentration of 990 μg/ml 

NaCl. Before exposure, 146 μl NaCl/ethanol solution was transferred onto the sample 

surface with a pipette, which generated 50 μg/cm
2
 loading of NaCl on the samples, and 

then coupons were immediately placed in a vacuum pumped desiccator. The solution 

completely dried within 6 min, but the samples were kept in the evacuated desiccator for 

30 min to make sure no ethanol remained on surface.  

Following the lab preparation, all samples were analyzed with XPS and 

galvanostatic reduction. For the XPS analysis, a survey scan was taken of each sample 

with pass energy of 80 eV and region scans with pass energy of 20 eV were obtained for 

any region with appreciable signal. Galvanostatic reduction was used to quantify the 

types and amounts of corrosion products after analysis with XPS.
1–4,54,133

 A Gamry 

Reference 600 potentiostat with a mercury/mercurous standard electrode (MSE) was used 

for all reductions in this study. With this technique, a constant current is applied to the 

sample surface to reduce the corrosion products electrochemically. An area of 1 cm
2
 in 
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the center of the sample was reduced at a cathodic current density of 0.1 mA/cm
2
 in 

deaerated 0.1 M Na2SO4 solution at pH 10. The solution was deaerated using an N2 gas 

purge for more than one hour prior to reduction. 

Reduction potentials of various compounds observed in this thesis are given in 

Table 2.2. Since the thickness of the corrosion layer scales linearly with the charge 

generated, the reduction charge is used to calculate corrosion film thickness. A reduction 

charge of 1 C/cm
2
 is approximately equal to a 2.68 m-thick film (if the film is assumed 

to be made entirely of AgCl). The necessary calculations leading to this value are given 

in Appendix E. Reduction potential typically scales with free energy, a stable corrosion 

product will have a more negative free energy and a more negative reduction potential. 

The exception is Ag2SO4 which does not follow this trend. 

 

 

 

 

Table 2.2 Relevant physico-chemical parameters of silver corrosion compounds observed 

in lab- and field-exposed samples. *No reduction potential is available for Ag2SO3, 

Ag2CO3 or AgNO3 in the literature.
4,41,131,133

 

Compound Density 

(g/cm
3
) 

Molecular Weight 

(g/mol) 
G (kJ/mol) Reduction Potential 

(VMSE) 
     

Ag2O 7.14 231.7 -11.22 -0.12 to -0.18 

AgNO3 4.35 169.9 -33.49 * 

Ag2S 7.23 247.8 -40.70 -1.2 

AgCl 5.56 143.3  -109.88 -0.25 to -0.4 

Ag2SO3 5.52 295.8 -411.56 * 

Ag2CO3 6.08 275.8 -436.81 * 

Ag2SO4 5.45 311.8 -618.89 -0.08 to -0.1 
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2.1.5 Sample Storage 

A picture of the box for storage of the silver samples after XPS analysis is shown 

in Figure 2.9. It is a two-level clear acrylic box with ½ inch holes drilled in the separating 

shelves, which was built by American Plastic Distributing (Columbus, OH). There is a 

two inch space at the bottom which can be used for desiccant. The relative humidity was 

controlled by flowing dry air into the sealed box via the top swage-lock ports. The 

samples were placed in glass vials upon receipt by airmail and then stored in 

departmentalized plastic containers which are also shown in Figure 2.9. The blue labels 

were used as sample identifiers. 

 

 

 

Figure 2.9 Photograph of the containment box for storing silver samples before/after 

XPS analysis. 
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2.2 X-ray Photoelectron Spectroscopy 

2.2.1 Theoretical Background 

The basic XPS experiment involves a sample placed under ultrahigh vacuum that 

is irradiated with X-rays, inducing emission of electrons (photoelectrons).
135

 A simplified 

diagram of the physical principle of XPS is shown in Figure 2.10. The emission of 

photoelectrons is due to a transfer of energy from the incoming photon to the core-level 

electrons. The emitted electrons are then separated based on their kinetic energy and 

counted. The energy of the ejected electrons is based on the local environment of the 

electrons and the number emitted is proportional to the abundance of the element in the 

sample.
135

 The emission of electrons upon irradiation is described by the photoelectric 

effect:
135

 

 

         , (2.1) 

 

where      is the maximum kinetic energy of the ejected electron,   is Planck’s 

constant,   is the frequency of the incoming light, and   is the work function of the 

material which is the minimum energy needed to remove an electron from the surface. 

The work function is defined by: 

 

     , (2.2) 

 

where    is the threshold frequency for the material.
135
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The consequences of the photoelectric effect are four-fold in that electrons will 

only be ejected when   ≥   . Then once sufficient energy to stimulate emission is 

exceeded the emission of electrons is proportional to the amount of incident photons. The 

kinetic energy of the ejected electrons is proportional to the frequency of incident 

photons. Lastly, the entire process from excitation to emission is on the order of 10
-16

 s.  

Binding energy refers to the strength of the bond between an electron and an 

atom. The binding energy will increase with oxidation state and with the addition of 

electron withdrawing groups. Binding energy increases with a decrease in the distance 

between the electron and nucleus as well as a decrease in the number of electrons around 

the nucleus.
135

 The binding energy of the electrons to their respective atom is given by 

the Einstein equation:  

 

        , (2.3) 

 

where    is the energy of the incident X-ray, and    is the kinetic energy of the ejected 

photoelectrons which is measured in the experiment.
135

 Binding energy is typically 

reported in electron-volts (eV), which is equivalent to 1.6  10
-19

 J. In a typical XPS 

experiment, the energy of the X-ray beam is about 8.3 keV, which is more than adequate 

to remove core-level electrons (< 1400 eV).
135

 Table 2.3 gives the literature values of 

binding energies for silver and common silver corrosion compounds.  

Atoms bound to the host atom and the strength of their bonds will also impact the 

binding energy of electrons. Typically only ionic and covalent bonds contribute to 
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observable shifts in the binding energy.
135

 When considering the added amount of energy 

needed to overcome the bonds to the surface, Eq. (2.3) becomes:  

 

  
           , (2.4) 

where the binding energy is now referenced to the Fermi level.
135

 Here,     is the work 

function of the spectrometer which is equal to the work function of the sample ( ), when 

the two are in electrical contact, and is related to the Fermi level (EF) and the vacuum 

level (Evac) by:
135

  

 

           . (2.5) 

 

The Fermi level is the energy level separating the valence and conducting bands of a 

material at 0 K and the vacuum level is the energy level at which the electrons are no 

longer affected by any material. 

The two most common sources for the production of X-rays in XPS are Mg K 

and Al K, information about these sources is presented in Table 2.4. Since X-rays have 

a very long penetration depth, the emitted electrons can undergo one of  three possible 

fates:
135

 (i) if the escaping electrons are near the surface, they will not be subjected to 

collisional loses and are directly emitted and contribute to the photoemission peak; (ii) if 

the escaping electrons are only slightly buried in the bulk and have collisions before 

being emitted, they will contribute to the background of the spectrum; (iii) finally, any 

electrons which are too far into the bulk and incur enough collisions to lose their kinetic 

energy will not be emitted at all. Typically, 1 keV electrons will only be able to penetrate 
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approximately 10 nm.
135

 The depth of penetration can be estimated using an attenuation 

length plot which has been both experimentally and theoretically determined (see 

Appendix C).
135

 

An explanation of penetration depth for XPS is found using Beer’s law:  

 

     
(        ), (2.6) 

 

where I is intensity, λ is the inelastic mean free path or the thickness through which 63% 

of the electrons will lose their energy, d is the penetration depth, and θ is the angle of 

incidence.
135

 The bulk sample may be considered to be the source (I0) here since the 

range of the substrate which emits electrons is significantly larger than the depth from 

which they may escape. For a surface layer which has different composition than the 

bulk, the intensity is given by a modified Beer’s law: 

 

        (        ) . (2.7) 

 

The sampling depth is defined as 3135
 based on the maximum depth from which 95% of 

electrons are detected. For most XPS experiments,  is likely between 1-4 nm, such that 

the sampling depth would be in the range 3-12 nm.
135

 Therefore any surface films which 

are thicker than ≈12 nm will not allow probing of the substrate. As to the detection limits 

of XPS, the technique is able to detect all elements, except H and He, which are present 

at concentrations greater than 0.1 atomic percent (at. %).
135

 

Some materials, including those in this study with thick corrosion layers, do not 

have sufficient electrical conductivity to compensate for the build-up of a positive charge 

created by constant ejection of electrons.
 
In this case, the sample is completely isolated 
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and a charge neutralizer is used which floods the surface with low energy electrons to 

stabilize the surface. The electrons are transported to the surface via a magnetic 

immersion lens. In the case of charge neutralization, Eq. (2.4) then becomes:  

 

  
      

             , (2.8) 

 

where    is the energy of the flooding electrons.
135

 Since the binding energy of insulating 

materials is now dependent on both the vacuum energy and the energy of the flooding 

electrons, it is more difficult to determine its absolute value. To circumvent this problem, 

an internal standard is used. The carbon (C) 1s or silver (Ag) 3d bands are both suitable 

standards as the positions of these peaks are well known literature values. Since the silver 

samples used in this study are typically conducting, it is only necessary to use the charge 

neutralization when a thick corrosion product layer is present (≥ 10 nm). 

 The background of XPS spectra decreases gradually with increasing binding 

energy (decreasing kinetic energy) due to inelastic scattering effects.
135

 There is a drop in 

the background signal after an electron emission event due to a loss of scattering 

electrons at that binding energy. If the region being studied involves electron pairs (p, d, 

or f orbitals) two energetically equivalent final states are possible. Based on whether the 

electron has spin up or down, there is a coupling between the spin and the orbital angular 

momentum of the electron that may lead to splitting of the degenerate state into two 

components (or formation of a doublet).
135

 The total angular momentum (j) of an electron 

is found by summing the individual electron angular (l) and spin (s) momenta, j = l + s. 

For example, this spin-orbit coupling can be observed in the XPS spectra of chlorine, 
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silver, and sulfur. For the Ag 3d orbital, the principal quantum number (n) equals 3. The 

electron spin momentum quantum number can be s = -1/2 or +1/2, depending on whether 

the spins of the two electrons are parallel or antiparallel. Hence, l = n - 1 = 2 such that j ¯
 

= 2 - 1/2 = 3/2 and j 
+
 = 2 + 1/2 = 5/2. In this way, the Ag 3d orbital splits into two 

different energy states, 3d
3/2

 and 3d
5/2

, respectively. 

 

 

 

 

 

 

Figure 2.10 Diagram illustrating the physical principle of X-ray photoelectron 

spectroscopy.  

Conduction Band

Valence Band

Free Electron 

Level

Fermi Level

work function, F

X-ray energy, h
ejected photoelectron 

kinetic energy, Ekin

binding energy, Eb

1s

2p

2s

Eb = h – Ekin - F



 

53 

 

Table 2.3 Literature values of binding energies of silver and some common corrosion 

products of silver.
136–138

 

  

Compound Binding energy (eV) 
       

 Ag 3d Cl 2p C 1s N 1s O 1s S 2p 
       

Ag 368.3      

AgCl 368.3 198.6     

Ag2CO3 368.0  288.7  531.0  

AgNO3 368.4   406.8 532.5  

Ag2O 367.9    529.5  

Ag2S 368.2     161.0 

Ag2SO4 368.0    531.7 168.6 

Ag2SO3 368.1    531.7 167.5 

 

 

Table 2.4 Energies and linewidths for the two most common XPS anode materials.
135

 

    

Anode Material Emission Line Energy (eV) Width (eV) 

    

Mg K 1253.6 0.7 

Al K 1486.6 0.85 

 

 

2.2.2 Instrumentation 

The surface chemical composition of silver samples exposed at various outdoor 

locations was determined using an X-ray photoelectron spectrometer (Kratos Axis Ultra, 

Kratos Analytical) equipped with a semi-hemispherical analyzer and channeltron 

detectors. A simple schematic of the XPS instrument is shown in Figure 2.11. The 

spectrometer is calibrated against three standards (copper, silver, and gold) and the 
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linearity of the BE scale is calibrated by adjusting the energy difference between the 

peaks of these known sample positions.  X-rays from the monochromatic Al-K line 

(1486.6 eV) were used for all XPS measurements in conjunction with the hybrid lens 

mode and a 300  700 m spot size aperture. The power on the anode was 120 W (10 

mA, 12 kV) and the vacuum in the analysis chamber was maintained at approximately 

10
-9

 Torr.  

The adventitious C 1s peak (binding energy (BE) = 284.9 eV) was used as a 

standard to correct for charging effects and was compared to the shift experienced by the 

Ag 3d band (BE = 368.3 eV). Survey scans were taken using a pass energy of 80 eV and 

the high-resolution region scans were taken using a pass energy of 20 eV. The pass 

energy is determined from the electrostatic fields in the hemispherical analyzer which 

only allow electrons of a specific energy range to pass to the detector.
138

 The smaller the 

pass energy the higher the resolution will be, since the hemispherical analyzer is more 

selective to electron energies passing through to the detector; this effectively narrows the 

peaks in the spectrum. For survey scans only one scan was recorded, but for the high-

resolution region scans four different runs were averaged to determine the binding and 

kinetic energies with an accuracy of ± 0.2 eV. If charging effects were observed to cause 

a shift in the position of the adventitious C 1s peak a charge neutralizer (tungsten 

filament) was used.  The charge neutralizer was run with a filament current of 2.1 A, a 

charge balance of 2.4 V, and a filament bias of 1.3 V.  
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Figure 2.11 Diagram of the major components in an XPS instrument (adapted from 

Vickerman and Gilmore, 2009).
135 

 

 

2.2.3 Data Analysis 

Prior to fitting the experimental XPS spectrum, the background was subtracted 

using a Shirley function.
139–141

 Each peak was fit using the instrument software (CasaXPS 

2.3.14) by a Voigt function which can be defined as:
142
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  (        )     (     (   )
(    ) 

  
)  (    

(    ) 

  
), (2.9) 

 

where G stands for Gaussian, L for Lorentzian, x0 is the peak center, w is the half-width at 

half maximum (HWHM), and m is the Gaussian-to-Lorentzian mixing ratio which is 

determined by:  

 

      ⁄ , (2.10) 

 

where P is the percentage of Lorentzian component, such that GL(0) and GL(100) 

represent pure Gaussian and Lorentzian functions, respectively. In the present study, 

GL(60) was used for nearly all fitted peaks, with the exception of Ag fitted peaks which 

were usually fit using GL(90).  

The work function in Eq. (2.4) is that of the spectrometer since the sample was 

placed in electrical contact with the spectrometer.
135

     is calibrated using gold, and 

silver standards and adjusted until the known BE values are obtained. Once the peaks 

have been fit, the relative compositions of the standards were estimated by calculating the 

peak area under each component peak using the instrument software package.  The 

intensity of the XPS signal is found using:
135

 

 

      (  )   ( )   ∫   ( ) 
    (  )      

 
  , (2.11) 

 

where     is the area of the peak j from element i, K is an instrumental constant, T(KE) is 

the transmission function of the analyzer,    ( ) is the angular asymmetry factor for 
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orbital j of element i,     is the photoionization cross-section of peak j from element i, 

  ( ) is the concentration of element i at a distance z below the surface,    (  ) is the 

inelastic mean free path length of peak j from element i, and   is the take-off angle of the 

photoelectrons measured with respect to the surface normal, which is zero in this 

study.
135

  

If it can be assumed that the elemental concentrations are homogeneous within the 

sampling depth (from 0 to d) (the concentration is independent of the distance z), then 

Eq. (2.11) can be integrated to give: 

 

      (  )   ( )      (  )     (     ( 
 

 (  )    
)). (2.12) 

 

Further assuming a sampling depth much greater than the electron mean free path 

(typically, d  3), then the exponential factor in Eq. (2.12) can be neglected. The area of 

a peak then becomes: 

  

      (  )   ( )      (  )     . (2.13) 

 

Areas are divided by the relative sensitivity factor (RSF) of the atom, which is 

found during calibration of the instrument. This method ensures that the counts detected 

from one part of the spectral range may be compared against other areas of the spectral 

range and further may be compared across different instruments. Binding energies and 

RSF values for the regions scanned in this study are found in Table 2.5. The scaled area 
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under the curve for each section of this work is found in the respective sections. 

Typically, elemental ratios (     ) or atomic percentages (   ) are given due to the 

inexactness of the peak analysis. This ratio has the advantage that many of the constants 

and instrumental factors found in Eq. (2.5) can be cancelled out. The atomic percent of 

element i (   ) is found by: 

       (  ∑  ⁄ ). (2.14) 

 

The units for the y-axis in XPS spectra are generally given as counts per second (CPS) 

which is a measure of intensity.
135

 CPS has not been normalized or adjusted by RSFs and 

is the intensity measured by a counting detector.  

 A clean, polished silver sample was used to calculate an error associated with the 

XPS technique. The sample was etched with argon ions while in the vacuum chamber 

until the carbon (C 1s) peak was sufficiently reduced to be indistinguishable from the 

noise. This sample was scanned multiple times each day for several days in one month. 

The area under the curve was calculated as described above. The error within one day 

was around 1% and the error of all measurements for the month was around 4%. This 

shows that although it is better to take measurements in one day, the error associated with 

scanning the samples over different days is relatively insignificant. The calculation and 

values used are given in Appendix D. This means that even though exact intensity on 

samples cannot be directly compared, approximate intensities may. CPS is not considered 

an arbitrary unit in this thesis due to a lack of an internal standard. 
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Table 2.5 Relative sensitivity factors (RSF) and binding energies for the regions of 

interest investigated in the present work. These values were found during instrument 

calibration. 

   

Element RSF Scanned region 

(eV) 
   

Ag 3d 5.721 380 – 360 

C 1s 0.278 290 – 275 

N 1s 0.477 415 – 385  

O 1s 0.780 540 – 525  

Na 1s 1.685 1080 – 1060  

Mg 1s 0.157 1313 – 1293  

S 2p 0.668 180 – 150  

Cl 2p 0.851 210 – 190  

K 2p 1.409 310 – 290  

Ca 2p 1.767 356 – 340  
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3. Existence of Ag2SO3 and Ag2SO4 on Field-Exposed Silver 

This chapter focuses on the detection of silver sulfate (Ag2SO4) and silver sulfite 

(Ag2SO3) on field-exposed silver samples with X-ray photoelectron spectroscopy (XPS). 

In contrast, existing literature does not consider Ag2SO4 and Ag2SO3 to be major 

corrosion products.
100

 The mechanism for the formation of Ag2SO4 in the field is not yet 

known, but this study presents evidence which suggests Ag2SO3 is the intermediate that is 

then further oxidized to form Ag2SO4. 

 

3.1 Introduction 

Chapter 1 described the various species and parameters which have an impact on 

the corrosion of metals, specifically in regards to silver corrosion. Since outdoor 

corrosion is such a complex system, it is necessary to perform lab tests which employ 

only parameters that can be controlled. The ensuing corrosion rates may then be 

compared against the corrosion rates of other materials or environments. However, as 

was mentioned earlier, many of these lab tests are oversimplified in the parameters which 

are chosen to represent the outdoor environment. This oversimplification leads to results 

which do not wholly represent the real environment but are still used as a means to screen 

materials before they undergo more realistic, lengthy, and costly analysis. Lab tests also 

allow mechanistic studies of individual or coupled parameters which are important to 

outdoor exposures. Silver exhibits a discrepancy when comparing lab to field-exposed 
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samples. Therefore, silver is a good material to test which parameters are different 

between the lab and field.  

All experimental parameters are detailed in Chapter 2. 

 

3.2 Results  

3.2.1 New Hampshire 

Silver samples exposed in New Hampshire were analyzed by XPS upon receipt; 

pictures of the samples are shown in Figure 3.1. The sulfur 2p region scans are shown in 

Figure 3.2. The colors of all spectra shown are: black, red, green, blue, and purple which 

correspond to 1, 2, 3, 4, and 6 months respectively. Spectra taken on the unsheltered and 

sheltered samples exposed at Thompson Farm are on the top left and right, respectively. 

Spectra from the unsheltered and sheltered samples exposed at Appledore Island are on 

the bottom left and right, respectively.  

There are four peaks (two doublets) present in all of the graphs. The energy of the 

doublet at lower binding energy is the same energy for all spectra. Literature XPS values 

for common silver corrosion products are given in Table 2.3. The primary peak is 

observed at 161.0 eV with a doublet at 162.2 eV, this is consistent with literature values 

of Ag2S. The energy of the doublet at higher binding energy is different for the farm and 

island exposed samples. The doublet for the samples exposed at the farm is observed at 

167.3 and 168.5 eV. For the island-exposed samples this doublet is shifted to 168.6 and 

169.8 eV. These peaks at 167.3 and 168.6 eV are consistent with expected binding 

energies of Ag2SO3 and Ag2SO4, respectively. The sulfur region scan reveals the 
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existence of Ag2S, Ag2SO4 and Ag2SO3. However, the silver and oxygen region scans 

shown in Appendix F are below spectral resolution and thus cannot be used to confirm 

the presence of these species.  

Although it is not valid to compare peak intensities from different samples, it is 

possible to compare the intensity of the doublet associated with Ag2S to that of Ag2SO4 

or Ag2SO3 within the same spectrum; these are shown as insets on Figure 3.2. It is clear 

that the ratios of sulfate/ sulfide and sulfite/sulfide vary over time. The change in the ratio 

of these species is consistent with a changing corrosion film. Contrary to intuition which 

might assume a linear growth in the abundance of more oxidized species on the surface 

over time, this is not observed here. Instead, on the Farm exposed samples, the ratio 

between SO3
2-

 and S
2-

 decreases initially, then dramatically increases during the third 

month and then decreases again. On the Island exposed samples, the second month shows 

a dramatic increase in the ratio between SO4
2-

 and S
2-

 again deceasing over time. XPS 

analysis reveals the composition at the surface and comparing ratios gives information 

about the relative amounts of species in the top 10 nm of the surface film. 

Recall from Chapter 2 that intensities for spectra collected on the same day are 

comparable within 1%. Therefore, all of the spectra from the same month are comparable 

since they were analyzed on the same day. By comparing the spectra from the 3 month 

exposed samples (green trace), differences between the farm and island as well as 

between sheltered and unsheltered samples are observed. Based on intensities and ratios 

in Figure 3.2, the sheltered farm samples have more sulfite than the unsheltered farm 

samples. The amount of sulfate from the island is greater on the unsheltered than 
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sheltered samples. Also the amount of sulfate on the island samples is greater than the 

amount of sulfite on the farm samples. 

A typical method for analyzing corrosion products is galvanic reduction. This 

technique was described in Chapter 2. Figure 3.3 and Figure 3.4 show the reduction 

curves for the samples exposed in New Hampshire, as collected by Huang Lin.
131

 The 

potential at which a plateau occurs indicates the identity of the species. A list of these 

potentials is given in Table 2.2. The samples all have a plateau which can be attributed to 

AgCl (between -0.25 and -0.4 VMSE) and most samples also have the plateau for Ag2S (-

1.2 VMSE). Only the sheltered samples from Thompson Farm have plateaus at a higher 

potential than AgCl. This is at -0.04 for the 4 month sample and at -0.09 for the 6 month 

sample. The identity of this species is not known in the literature, so this technique 

cannot confirm whether or not Ag2SO3 or Ag2SO4 are present on these samples. 

X-ray diffraction (XRD) was performed on a clean piece of silver. This sample 

was polished and handled in the same manner as those which were exposed in New 

Hampshire. The spectrum is shown in Figure 3.5, the black trace is the spectrum from the 

silver sample and the red lines are reference values.
143

 The numbers on top of the peaks 

indicate the crystal orientation and those below are the peak positions. Using TOPAS 

Academic V4.1 for fitting, a slight preferred orientation for the (220) orientation is 

calculated. Literature values for (200) and (220) gives a ratio for (220)/(200) of ≈ 

0.617.
144

 Whereas the fitting program yields a ratio for (220)/(200) of ≈ 0.878. However, 

these values are close, so if there is a preferred surface orientation, it is only slight. The 
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(100) and (110) faces are not observed since they are forbidden by diffraction rules; for 

n,k,l, all must be even or odd.
145

 

 

 

Figure 3.1 Pictures of New Hampshire silver samples after six months of exposure 

beginning in October 2010. (A) Thompson Farm sheltered, (B) Thompson Farm 

unsheltered, (C) Appledore Island sheltered, (D) Appledore Island unsheltered. 
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Figure 3.2 Sulfur 2p region scan of all samples exposed at Thompson Farm, NH (A & B) 

and Appledore Island, ME (C & D). Samples were exposed to both sheltered (A & C) and 

unsheltered (B & D) conditions. Black, red, green, blue, and purple spectra correspond to 

1, 2, 3, 4, and 6 month exposures, respectively. Insets compare the ratios of SO4
2-

 to S
2-

 

on each sample. 
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Figure 3.3 Reduction curves for samples exposed at Thompson Farm, sheltered (left) and 

unsheltered (right). Data courtesy of Huang Lin.
131

 

 

 

 

 

 

Figure 3.4 Reduction curves for samples exposed at Appledore Island, sheltered (left) 

and unsheltered (right). Data courtesy of Huang Lin.
131
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Figure 3.5 X-ray Diffraction (XRD) spectrum of polished, clean silver sample identical 

to those used in New Hampshire exposures. Black trace is the collected spectrum, red 

lines are database values,
143

 numbers on the top indicate the crystal face, numbers on 

bottom are the peak positions. 

 

 

3.2.2 Hawaii 

Samples which were received from Hawaii are shown in Figure 3.3. The samples 

were analyzed by XPS upon receipt, the sulfur 2p spectra are given in Figure 3.4. The 

black, red, and green traces are the 1 month, 3 month, and 6 month samples. The 

sheltered and unsheltered samples exposed at Kaneohe marine air base (MAB) are on the 

top left and right, respectively. Sheltered and unsheltered samples from Kilauea Volcano 

sheltered and unsheltered are in the middle on the left and right, respectively. Lastly, the 
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sheltered and unsheltered samples from Mauna Loa are on the bottom on the left and 

right, respectively. 

The peaks from these Hawaiian samples in Figure 3.4 are similar to those in 

Figure 3.2 from New Hampshire. The doublets are at 168.6 and 169.8 eV and at 161.0 

and 162.2 eV. These doublets are assigned to Ag2SO4 and Ag2S, respectively. The one 

month volcanic unsheltered sample appears to show evidence of Ag2SO3 with a peak 

around 167.5 eV, but is hard to resolve due to the poor signal to noise resolution. In order 

to look at the trends on different samples, the ratios of Ag2SO4 to Ag2S are plotted as 

insets on Figure 3.4. The only obvious amount of Ag2S was observed on the volcanic 

unsheltered sample. 

The 3 and 6 mo volcanic samples had a vertical striping pattern with very dark in 

the center, white on both sides of that and dark again near the edges, as seen in Figure 

3.3. Thus, scans were run on these sections in order to identify the species in each stripe, 

Figure 3.5 shows the spectra which were taken in these different regions. The one month 

sample was homogeneous to the eye, so only one scan was taken. On the three month 

sample, a scan was taken on the dark center (black trace) and on the white stripe (red 

trace). The six month sample, scans were taken on the dark center, white stripe, and dark 

edge; black, red, and green traces, respectively. 

The cause of this striping phenomenon is still unknown. It should be noted that 

there was volcanic activity at this site three days after the samples were placed on the test 

rack. The Kamoamoa Fissure Eruption began on March 6, 2011.
120,121

 The sputter from 

the eruption reached 100 feet into the air and nearby vegetation including trees were 
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ignited resulting in biomass burning. This eruption and emission of atmospheric gases 

and particulates may have caused the striping on the samples. By allowing more water 

adsorption on the surface this may have led to product transport vertically down the 

surface, but this is purely a conjecture. 

Galvanostatic reduction was performed on the samples exposed at these locations 

by Huang Lin.
131

 The results are given in Figure 3.10, Figure 3.11, and Figure 3.12. 

Kaneohe and Kilauea have plateaus which are consistent with AgCl, -0.25 to -0.4 VMSE. 

Kaneohe has Ag2S on the 6 month samples, at -1.2 VMSE. The sample from Mauna Loa 

does not have a plateau associated with AgCl, instead the plateau is consistent with the 

Ag2O potential in the literature, -0.12 to -0.18 VMSE.
1
 This is the first report of Ag2O on 

field-exposed silver by reduction analysis. 

 

 

 

Figure 3.6 Pictures of silver samples exposed in Hawaii beginning in March 2011 after 

exposure, 1 month (A-F) and 6 months (G-L) are shown. Kilauea Volcano sheltered (A & 

G), unsheltered (B & H), Kaneohe MAB sheltered (C & I), unsheltered (D & J), Mauna 

Loa sheltered (E & K), unsheltered (F & L). 
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Figure 3.7 Sulfur 2p region scan of all samples exposed at Kaneohe MAB (A & B), 

Kilauea Volcano (C & D), and Mauna Loa Observatory (E & F) in Hawaii. Samples were 

exposed under both sheltered (A, C, & E) and unsheltered (B, D, and F) conditions. 

Black, red, and green spectra correspond to 1, 3, and 6 month exposures, respectively. 

Insets compare the ratios of SO4
2-

 to S
2-

 on each sample. 
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Figure 3.8 Sulfur 2p region of samples from Kilauea Volcano, 1 month (A & B), 3 

months (C & D), and 6 months (E & F). A, C, & E are sheltered while B, D, & F are 

unsheltered. 
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Figure 3.9 Ratios of SO4
2-

 to S
2-

 on each sample exposed at Kilauea Volcano. Samples 

were exposed to both sheltered (A) and unsheltered (B) conditions. 

 

 

 

 

Figure 3.10 Galvanic reduction scans of samples exposed at Kaneohe MAB, sheltered 

and unsheltered. Data courtesy of Huang Lin.
131
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Figure 3.11 Galvanic reduction scans of samples exposed at Kilauea Volcano, sheltered 

and unsheltered. Data courtesy of Huang Lin.
131

 

 

 

Figure 3.12 Galvanic reduction scans of samples exposed at Mauna Loa, sheltered and 

unsheltered. Data courtesy of Huang Lin.
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3.2.3 U.S.A. and Antarctica Single Measurements 

Samples were exposed for 3 months at nine locations across the United States, 

and one in Antarctica for 2 years, Figure 3.13 shows pictures of the samples after 

exposure. These samples were not duplicated and are therefore referred to as “single 

measurements.” Sulfur (S 2p) spectra are shown in Figures 3.14-3.17. Most samples were 

scanned at two locations on the surface. Spot A was a darker area whereas Spot B was 

slightly lighter, to the eye. In addition, the samples were rinsed with deionized water and 

dried with nitrogen gas. This rinsing process was repeated three times. The sample was 

then rescanned on approximately the same spot as Spot A, a dark section of the sample. 

Only Randolph and West Jefferson were not scanned in a second location before rinsing. 

The black spectrum in these figures is spot A, unrinsed. The red spectrum is spot A, 

rinsed. The green spectrum is spot B, unrinsed.  

The sample from Antarctica was scanned unpon initial receipt and again 2 years 

later. Time A unrinsed and Time B unrinsed were taken on approximately the same spot. 

Time A was upon receiving the sample and Time B was taken two years later. The 

sample was kept in a sealed glass vial in the containment box shown in Chapter 2. The 

rinsed and unrinsed sample scans were on a different piece of the sample, but which 

looked similar to the eye. The sulfate decreases with rinsing and increases slightly with 

time in the vial. The sulfide appears to remain consistently low across all three spectra. 

The peaks from these exposures correlate well with the other samples discussed 

earlier. Coconut Island and Lyon Arboretum have a doublet at 161.0 and 162.2 eV which 

corresponds to Ag2S. Coconut Island, Conroe, Daytona, West Jefferson, Whidbey, and 
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McMurdo have a doublet at 168.6 and 169.8 eV which is consistent with Ag2SO4. 

Randolph & Woodstock have a doublet at 167.3 and 168.5 eV which is assigned to 

Ag2SO3. The sample from Lyon Arboretum had no evidence of Ag2S, Ag2SO3, or 

Ag2SO4.  

The ratios of either Ag2SO4 or Ag2SO3 are shown in Figure 3.18, except for 

Coconut Island and Lyon Arboretum which had no appreciable amount of Ag2S. As 

opposed to the New Hampshire samples which had more sulfate than sulfite, these 

samples show that sulfite can be greater than sulfate. If nothing else, this finding 

demonstrates that the ratios of SO3
2-

/S
2-

 and SO4
2-

/S
2-

 are highly dependent on the 

location of exposure. 

These single point measurements were not reduced by Huang Lin, as the samples 

from New Hampshire and Hawaii were. However, these samples were reduced by 

William Abbott at Battelle and these values are given in Table 2.1. Only AgCl and Ag2S 

were reported for these samples. The absence of sulfite or sulfate is consistent with the 

measurements of the samples from New Hampshire and Hawaii.  

  



 

76 

 

 

Figure 3.13 Pictures of silver samples exposed across the USA and Antarctica. All 

samples were exposed for 3 months, except Antarctica which was exposed for 2 years. 

(A) Coconut Island, HI, (B) Conroe, TX, (C) Daytona Beach, FL, (D) Long Island, NY, 

(E) Lyon Arboretum, HI, (F) McMurdo Station, ANT, (G) Randolph AFB, TX, (H) West 

Jefferson, OH, (I) Whidbey Island, WA, (J) Woodstock, ME. 



 

77 

 

 

Figure 3.14 XPS spectra of the S 2p region for the sample exposed at Coconut Island, HI 

(top), Conroe, TX (middle), and Daytona Beach, FL (bottom). Spot A, unrinsed (black) 

and Spot A, rinsed (red) were taken on a portion of the sample which was slightly darker 

than Spot B, unrinsed (green).  
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Figure 3.15 XPS spectra of the S 2p region for the samples exposed at Long Island, NY 

(top), Lyon Arboretum, HI (middle), and Randolph, TX (bottom). Spot A, unrinsed 

(black) and Spot A, rinsed (red) were taken on a portion of the sample which was slightly 

darker than Spot B, unrinsed (green).  
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Figure 3.16 XPS spectra of the S 2p region for the sample exposed at West Jefferson, 

OH (top), Whidbey Island, WA (middle), and Woodstock, ME (bottom). Spot A, 

unrinsed (black) and Spot A, rinsed (red) were taken on a portion of the sample which 

was slightly darker than Spot B, unrinsed (green). 
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Figure 3.17 XPS spectra of the S 2p region for the sample exposed at McMurdo Station, 

Antarctica. Time A, unrinsed (black), time A, rinsed (red), and time B, unrinsed (green) 

are shown. Time B was almost 2 years after Time A. 

 

 

Figure 3.18 Ratio of SO4
2-

/S
2-

 (black circles) or SO3
2-

/S
2-

 (red triangles) on single 

samples exposed across the U.S.A. and Antarctica. These values were taken from Spot A, 

unrinsed spectra shown in Figures 3.14-3.17. Note: Coconut Island, HI and Lyon 

Arboretum, HI are not shown because there was no sulfide detected in these scans. 
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3.2.4 Lab-Created Samples 

This chapter focuses on the detection of Ag2SO4 on field-exposed samples which 

were analyzed with XPS. In order to better understand how Ag2SO4 may be formed, an 

attempt was made to generate Ag2SO4 by exposure of Ag to H2SO4 in the lab. One 

sample was polarized at +0.7 VMSE for 15 s in 0.1 M H2SO4 and the formation charge was 

280 mC/cm
2
. Formation charge refers here to the total charge on the Ag sample during 

formation of Ag2SO4. Another sample was galvanostatically oxidized at +0.025 mA/cm
2
 

for 600 s in 0.1 M H2SO4 with a formation charge of 15 mC/cm
2
.  

The galvanic reduction (performed by Huang Lin
131

) and XPS spectra are shown 

in Figure 3.19 and Figure 3.20, respectively. The black trace is a sample which was 

polarized at +0.7 VMSE for 15 seconds in 0.05 M H2SO4. The red trace is a sample which 

was galvanostatically oxidized at +0.025 mA/cm
2
 for 600 sec in 0.1 M H2SO4.  

According to the XPS results, both methods were able to form Ag2SO4, but reduction was 

not able to detect Ag2SO4 on either sample.  

Ag2S is another compound typically found on field-exposed silver samples. 

Seemingly the simplest way to form Ag2SO4 or Ag2SO3 would be to simply oxidize 

Ag2S. To this end, a clean, polished silver sample was polarized in 0.1 M Na2S for 1 s at -

0.13 VMSE. The sample was then exposed in dry conditions with 254 nm UV light (3.68 

mW/cm
2
), and 0.63 ppm O3 for 38 hrs. Another sample was prepared in the same manner 

but was exposed for 22 hrs in 90% RH. Since it is likely that Ag2O will also form under 

these conditions, two other samples were prepared to test the effect of Ag2S on the 

formation of Ag2O. One of these samples was polarized in 0.1 M Na2S for 15 s at -0.13 
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VMSE, while the other was not exposed to Na2S at all. Both samples were then exposed to 

5.5 ppm O3 and 254 nm UV light (3.68 mW/cm
2
) at 90% RH for 68 hrs.  

The galvanic reduction (by Huang Lin
131

) and XPS spectra are given in Figure 

3.21 and Figure 3.22, respectively. The black trace is a silver sample which was polarized 

in 0.1 M Na2S for 1 s at -0.13 VMSE, then exposed to 0% RH, 0.63 ppm O3 and UV light 

for 38 hours. The red trace is a silver sample which was polarized in 0.1 M Na2S for 1 s 

at -0.13 VMSE, then exposed to 90% RH, 0.63 ppm O3 and UV light for 22 hours. The 

blue trace is a silver sample which was polarized in 0.1 M Na2S for 15 s at -0.13 VMSE, 

then exposed to 90% RH, 5.5 ppm O3 and UV light for 68 hours. The green trace is a 

silver sample which was not polarized in Na2S; it was exposed to 90% RH, 5.5 ppm O3 

and UV light for 68 hours. All samples were exposed to UV light at 254 nm with an 

intensity of 4 mW/cm
2
.  XPS reveals Ag2SO3 formation on the black and blue samples 

and possibly Ag2SO4 on the red sample. There was no Ag2S, Ag2SO3 or Ag2SO4 on the 

green sample. Reduction detected only Ag2S on the red and black samples. The plateau 

for the green sample at a higher potential is associated with Ag2O. The blue sample 

shares this plateau as well as another at higher potential which may be associated with 

sulfite or sulfate. However, the potential of Ag2SO3 and Ag2SO4 are not widely reported 

in the literature.  
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Figure 3.19 Reduction of two lab-created samples. The black trace was polarized in 

H2SO4 at 0.7 VMSE, the red trace was galvanostatically oxidized in H2SO4 at 0.025 

mA/cm
2
. Data courtesy of Huang Lin.

131
 

 

 

Figure 3.20 XPS sulfur 2p region scan of the two lab-created samples shown in Figure 

3.19.  
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Figure 3.21 Reduction of four lab-created samples. Data courtesy of Huang Lin.
131

  

 

 

Figure 3.22 XPS sulfur 2p region scan of four lab created samples shown in Figure 3.21.  
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3.3 Discussion 

3.3.1 Comparison to Literature, Confirming Identity of Species 

The XPS results presented in the previous section show that either Ag2SO3 or 

Ag2SO4 were routinely detected on field-exposed silver samples. Although the literature 

is scarce on Ag2SO4 formation with exposure of silver, there is less in regards to 

Ag2SO3.
146

 Since these species are not widely reported in the literature, their identity and 

formation mechanism are of significance. The first step in understanding the role of 

sulfur in the corrosion of silver is to confirm the identity of the species detected on the 

field-exposed silver coupons.  

Although Ag2SO4 has not been widely accepted as a corrosion product in outdoor 

exposure of silver, there is some mention of it in the literature in regards to XPS 

assignments.
136,137

 These literature values are consistent with the peak position seen on 

many samples in this study, 168.6 eV. The other doublet pair seen in the sulfur region is 

observed around 167.3 eV and is tentatively assigned to Ag2SO3. The shift that would be 

expected for the binding energy separation of sulfate and sulfite, based on the shift of 

Na2SO4  Na2SO3, is approximately 1.5 eV.
147

 If Ag and Na are similar, this binding 

energy shift would yield an expected Ag2SO3 value of approximately 167.1 eV. The few 

literature values found for Ag2SO3 give a value of 167.5 eV.
137

 These values are close to 

the binding energy observed in this study, so the doublet at 167.3 eV is assigned to 

Ag2SO3. 
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3.3.2 Mechanism of Ag2SO3 and Ag2SO4 Formation – Under Vacuum  

Since it is unlikely that pure silver would react directly with sulfate to form 

Ag2SO4, due to the unfavorable thermodynamics which were described earlier,
8,100,117

 

other mechanisms must exist. One possibility is that Ag2SO4 could be formed through a 

conversion of silver oxide into silver sulfate similar to the formation of AgCl.
2,3

 This 

process could be Ag2O reacting with SO2 or a more oxidized form of sulfur and forming 

Ag2SO4 immediately or it could proceed via an intermediate phase of Ag2SO3.
 118,119

 

Since Ag2SO4 and Ag2SO3 have not been identified as corrosion products on 

field-exposed silver, there has been very little reported in the literature as to how it may 

be formed. However, there has been work done on monocrystalline silver in order to 

understand its catalytic properties.
148–151

 These studies have shown that SO2 will not 

adsorb onto Ag unless there is a surface oxide layer (Ag2O). Ag2O can be formed under 

dry conditions according to:
1,2

 

 

Once there is oxide at the surface, Ag2SO3 will form on Ag(110) and Ag(100).
148–151

 

Ag2SO4 will also form on Ag(110) when an oxide layer is present.
148–150

 The fact that the 

silver must have a surface oxide layer present in order to form Ag2SO3 or Ag2SO4 is not 

unlike the formation mechanism for AgCl given in the literature.
1,2

 

Of interest is the finding that on the Ag(100) surface Ag2SO4 will only form in the 

presence of an alkali.
151

 This is consistent with a cation removing electron density from 

O3 + h 
          
→        O2 + O(

1
D) (3.1) 

O(
1
D) + 2Ag → Ag2O (3.2) 
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an oxygen of the Ag2SO3 making the sulfur electropositive and promoting binding of the 

sulfur to a neighboring surface oxide, thereby forming Ag2SO4. This phenomenon and 

how it may impact corrosion in the field is discussed later. Although these studies give 

insight into the mechanism of sulfate and sulfite formation, they are not identical to the 

corrosion tests performed in this study. They were done on monocrystalline samples 

under ultra-high vacuum, whereas the samples in this study are polycrystalline and are 

under atmospheric pressure. 

 

3.3.3 Mechanism of Ag2SO3 and Ag2SO4 Formation – Aqueous Phase  

SO2 is very reactive with water and surfaces in the real world have water 

adsorbed. If there is a source of SO2 near the corrosion test site and SO2 can make it to 

the sample before hydrolyzing, the SO2 will find water on the surface. Therefore it is 

unlikely that SO2 is able to react with a dry surface oxide layer. However, there are 

several other possibilities for the formation of Ag2SO4 and Ag2SO3. 

First consider the fate of SO2 in the atmosphere which undergoes gas phase 

oxidation. The major source of oxidation of SO2 in the gas phase is by OH radical; at an 

OH radical concentration of 1 x 10
6
 radicals/cm

3
 the lifetime of SO2 is approximately 13 

days for Eqn (3.3).
42

 The lifetimes of Eqn (3.4) and (3.5) are extremely fast (<1s) in 

comparison.
152,153

  

 

SO2 + OH  
 
→ HOSO2  (3.3) 

HOSO2 + O2  
 
→ HO2 + SO3  

(3.4) 
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SO2 can also undergo oxidation in aqueous solution, whether in aerosol form or 

with co-adsorbed water once adsorbed onto a silver surface.
42,70

 

 

 

The combination of these species, SO2•H2O (hydrated SO2), HSO3
-
(bisulfite), SO3

2-

(sulfite), is abbreviated as S(IV). Likewise, S(VI) is the combination of both SO4
2-

 

(sulfate) and H2SO4 (sulfuric acid). In order for SO2 to be oxidized into S(VI) several 

steps are needed: transport of SO2 to the interface (~ 10
-10 

- 10
-4

 s), across the interface (< 

10
-8 

- 10
-1

 s), S(IV) equilibration (≤ 1 ms), transport to bulk (~10
-6

-1 s), oxidation of 

S(IV) into S(VI) (rate limiting step), these are depicted in Figure 3.23.
42,70,154

 These times 

were calculated assuming an aerosol radius of 10
-5

-10
-2

 and a pH range of 2-6; gaseous 

and aqueous diffusion constants are 0.126 cm
2
/s and 1.8x10

-5
cm

2
/s, respectively.

42,70,154
 

Oxidation of S(IV) can be accomplished by many species dissolved in aqueous 

solution, these include O3, H2O2, CH3COOH, O radical, NOy, and OH radical (among 

other species). By ozone:
155,156

 

 

By hydrogen peroxide:
157

 

SO3 + H2O →→ H2SO4  (3.5) 

SO2(g) + H2O(l) →SO2•H2O(aq) (3.6) 

SO2•H2O(aq) → H
+
 + HSO3

-
 (3.7) 

HSO3
-
 = HOSO2

-
 → H

+
 + SO3

2-
 (3.8) 

S(IV) + O3 → S(VI) + O2 (3.9) 

HSO3
-
 + H2O2 → SO2OOH

-
 + H2O (3.10) 
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By acetic acid:
155

 

 

By oxygen in the presence of a catalyst:
42,155,158

 

 

By NOy:
42,70

 

 

By hydroxyl radical:
42,70

 

SO2OOH
-
 + H

+
 → H2SO4 (3.11) 

SO2•H2O + H2O2 → SO2OOH
-
 + H

+
 (3.12) 

SO2OOH
-
 → HSO4

-
 (3.13) 

HSO3
-
 + CH3COOH + H

+
 → SO4

2-
 + 2H

+
 + CH3OH (3.14) 

S(IV) + ½O2 
          

→        S(VI) (3.15) 

Fe(OH)2 → Fe
2+

 + 2OH
-
 (3.16) 

OH + HSO3
-
 → SO3

-
 + H2O (3.17) 

SO3
-
 + O2 → SO5

-
 (3.18) 

SO5
-
 + SO3

2-
 → SO4

2-
 + SO4

-
 (3.19) 

SO4
-
 + Fe

2+
 → Fe

3+
 + SO4

2-
 (3.20) 

S(IV) + NO2 or NO3 → S(VI) + NO or NO2 (3.21) 

OH + HSO3
2-

 → H2O + SO3
-
 (3.22) 

OH + SO3
2-

 → OH
-
 + SO3

-
 (3.23) 

SO3
-
 + O2 → SO5

-
 (3.24) 
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The formation of Ag2SO3 or Ag2SO4 from pure Ag would require a change in 

oxidation state of silver from 0 to +1. However, if the reaction started with Ag2O, the 

silver is already oxidized to a +1 state. Since Ag2O can be formed under wet conditions 

according to:
1,2

 

 

It follows that the various forms of oxidized sulfur could react with Ag2O to yield 

Ag2SO3 or Ag2SO4. (It should also be mentioned that literature reports no evidence of 

silver hydroxide formation when silver oxide is subjected to water.)
159

 The possible 

species involved could be: SO2, H2SO3, HSO3
-
, SO3

2-
, H2SO4, HSO4

-
, or SO4

2-
. However, 

as stated previously, it is unlikely that SO2 would be involved since it is readily oxidized 

SO5
-
 + HSO3

-
 → HSO5

-
 + SO3

-
 (3.25) 

SO5
-
 + HSO3

-
 → HSO4

-
 + SO4

-
 (3.26) 

SO4
-
 + HSO3

-
 → HSO4

-
 + SO3

-
 (3.27) 

SO4
-
 + SO3

2-
 → SO3

-
 + SO4

2-
 (3.28) 

2SO5
-
 → 2SO4

-
 + O2 (3.29) 

SO4
-
 + H2O → OH + HSO4

-
 (3.30) 

SO5
-
 + SO3

2-
 + H

+
 → HSO5

-
 + SO3

-
 (3.31) 

SO5
-
 + SO3

2-
 + H

+
 →  SO4

-
 + SO4

2-
 (3.32) 

O3 + h 
          
→        O2 + O(

1
D) (3.33) 

O(
1
D) + H2O(g) → 2OH (3.34) 

2Ag + 2OH → Ag2O + H2O (3.35) 
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in the aqueous phase. Also, according to the speciation curves for the pH dependence of 

sulfates and sulfites (Figure 3.24), and since it is unlikely that the pH on the surface or in 

aerosols would be less than 2, we can also rule out H2SO3, H2SO4, and HSO4
-
. This 

leaves HSO3
-
, SO3

2-
 and SO4

2-
 to interact with the Ag2O; Figure 3.25.  

The reactions of Ag or Ag2O with SO3
2-

 and SO4
2-

 have not been discussed in 

detail in the literature. However, reaction of silver oxide with bisulfite could lead to 

formation of silver sulfite.
146

 

 

This reaction produces Ag2SO3 which was detected on samples that were free of alkali 

cations. A diagram of the reaction of HSO3
-
 with Ag2O to form Ag2SO3 is presented in 

Figure 3.26. In the presence of cations, such as Na
+
, or Ca

+
, Ag2SO3 was not detected, but 

Ag2SO4 was detected. This phenomenon was noted in the literature for Ag(100)
151

 and is 

discussed in greater detail in the next subsection. Briefly, a cation can withdraw electron 

density from an oxygen atom thus leaving the sulfur electropositive. The positive charge 

on the sulfur can then attract another oxygen atom. This oxygen could come from a 

number of places: a neighboring silver oxide, dissolved O3, or possibly O(
3
P) or another 

oxygen donating species which is dissolved in solution.
148,160,161

 

Ag2O + HSO3
-
(aq) → Ag2SO3 + OH

-
(aq) (3.36) 

Ag2SO3 + Ag2O → Ag2SO4 + 2Ag
148

 (3.37) 

Ag2SO3 + O3 → Ag2SO4 + O2, (3.38) 

Ag2SO3 + O(
3
P) → Ag2SO4, (3.39) 
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Consideration was also given to the reaction of silver oxide with SO3
2-

 and SO4
2-

, 

however, these reactions yield O
2-

, which is an unlikely product. 

 

In summary, the reactions to form Ag2SO3 and Ag2SO4 on the field-exposed 

silver proposed here are: 

 

 

 

 

 

 

 

Ag2O + SO3
2-

(aq) → Ag2SO3 + O
2-

(aq) (3.40) 

Ag2O + SO4
2-

(aq) → Ag2SO4 + O
2-

(aq) (3.41) 

 G (kJ/mol) 

2Ag + O2, O(
1
D), O3, OH, etc. → Ag2O 

1,2
 < -150 

Ag2O + HSO3
-
(aq) → Ag2SO3 + OH

-
(aq) 

146
 -29.57 

Ag2SO3 +  O3, Ag2O, etc. 
   

→   Ag2SO4 
151

 -370.36 
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Figure 3.23 Diagram of the steps needed for oxidation of SO2 to S(VI) in the aqueous 

phase.
42,70
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Figure 3.24 pH speciation curves for sulfite (top) and sulfate (bottom).
41

 

 

 

Figure 3.25 Possible pathways for the fate of SO2, S(IV), and S(VI) near a silver surface. 

Some species are ignored since they are only present at a very low pH. 
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Figure 3.26 Diagram of the possible mechanism for formation of Ag2SO3 from Ag2O + 

HSO3
-
. First, the HSO3

-
 approaches the surface, then the sulfur attaches to the oxygen 

from the Ag2O, then Ag2SO3 is formed as OH
-
 leaves the surface. 

 

 

3.3.4 Is Ag2SO3 Actually An Intermediate for Ag2SO4? 

If Ag2SO3 is an intermediate step in the formation of Ag2SO4, then why do some 

samples stop at this intermediate phase while others go on to form the fully oxidized 

product? The answer may lie in the presence (or lack thereof) of alkalis on the sample. It 

was briefly discussed earlier that in literature, Ag(100) did not form Ag2SO4 unless in the 

presence of alkalis.
151

 This is due to an alkali cation, such as Na
+
, pulling electron density 

from the oxygen of sulfite which leaves the sulfur electropositive and promotes binding 

of the sulfur to another neighboring oxide. Indeed, the samples which had evidence of 

Ag2SO3 did not have alkalis present, but those that had Ag2SO4 did. The correlation 

between alkali cations and the presence of either Ag2SO3 or Ag2SO4 is shown in Table 
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3.1. Na
+
 is used in the correlation table since sodium was present if any other alkali 

cations were as well. The XPS results for elements detected (other than sulfur) are given 

in Appendix F. The consistency between the results of this study and those reported for 

Ag(100) indicate that the presence of alkalis dictates whether sulfate or sulfite is formed 

on field-exposed samples.    

The dependence of the formation of Ag2SO4 on an alkali cation is only found in 

the literature for the Ag(100) orientation.
151

 Silver has a face centered cubic crystal 

structure (fm3m). Diagrams of the (100), (110), and (111) faces are presented in Figure 

3.27 – Figure 3.29. Literature has shown that the oxygen atoms of silver oxide on a 

Ag(110) face are located at the positions indicated by red circles in Figure 3.29.
149,162

 The 

literature reports that for other crystal faces, such as (110) both sulfite and sulfate will 

form.
148–150

 The observation that Ag2SO4 formation is only dependent on the presence of 

alkali cations for the (100) face and not for the (110) face shown in the literature may be 

an effect of the spacing of oxygen atoms on the silver surface and the angles formed as a 

result of this spacing, Figure 3.30. However, this has not been discussed in the literature. 

There is also the difference in reactivity between the different faces. For a fcc crystal 

structure: 110 > 100 > 111.
163,164

 This predicts that the Ag(110) plane is more reactive 

than the (100).  
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Table 3.1 Correlation between the presence of alkali cations and either sulfite or sulfate. 

Na
+
 is used as an indicator of the presence of alkali cations since Na

+
 was always present 

if other cations were also observed with XPS. Other cations found with XPS include: 

Ca
2+

, K
+
, and Mg

2+
. The numbers shown in the table correlate with the locations 

indicated on the right. For locations 1-5, an “s” indicates the sample was sheltered, “u” 

means unsheltered, and the number at the end specifies the number of months the sample 

was exposed. There are more of numbers 1-6 because there were multiple samples at 

these sites. The single measurements are numbers 7-15. 
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Figure 3.27 Drawing of the faces of silver. a and b values are given for both silver and 

silver oxide.
165,166

 b values were calculated using the law of cosines:          
        . 

 

Figure 3.28 Figure of stacking of different crystal orientations for silver, top-down view. 

Light gray circles with a red outline are the top layer, regular gray circles are the second 

layer and black circles represent the third/bottom layer. 
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Figure 3.29 Geometries of the (100), (110), and (111) faces of silver and silver oxide. 

Coordination numbers (CN) are given for each face as well as the distances between 

silver atoms, numbers are given in Angstroms. Values were calculated using Figure 3.27. 

 

Figure 3.30 Diagram for the possible bond angle difference on Ag(100) and Ag(110) that 

may result in the need for alkali cations to produce Ag2SO4 on the (100) face. 

 

 

 

 



 

100 

 

 

 

Figure 3.31 Diagram of the possible transformation of Ag2SO3 to Ag2SO4 on the 

Ag(100) surface through interaction with a cation such as Na
+
. The sodium pulls electron 

density from the oxygen, which in turn leaves the sulfur atom electropositive. The sulfur 

will then bind to an oxygen atom (O), where O could be from: a neighboring Ag2O, 

dissolved O3, or other oxygen donating species. 

 

Figure 3.32 Diagram of the possible transformation of Ag2SO3 to Ag2SO4 on the 

Ag(110) surface. The sulfur will bind to an oxygen atom (O), where O could be from: a 

neighboring Ag2O, dissolved O3, or other oxygen donating species. 

 



 

101 

 

3.3.5 Correlation with Atmospheric Measurements 

The results already discussed show evidence that atmospheric chemistry plays a 

significant role in the corrosion products formed on silver samples. An extensive amount 

of atmospheric chemistry data has been published from the University of New 

Hampshire’s Atmospheric Investigation, Regional Modeling, Analysis and Prediction 

(AIRMAP) program.
167–173

 This work has focused on Appledore Island and Thompson 

Farm among other sites in New England. The monitoring in this area was the motivation 

for the placement of samples at these sites. Among the research published, they have 

noted anthropogenic and photochemically aged aerosols dominated by SO4
2-

 and NH4
+
 

with [SO4
2-

] reaching a maximum of 23.7 nmol/m
3
 in the summer.

170
 The impact of local 

sources was found to be much more substantial as compared to sources which were 

further away.
168

  

Unfortunately by the time the silver samples were exposed, much of the 

monitoring in New Hampshire at these sites had come to an end. However, there is a long 

history of monitoring in this area and if it is assumed that overall trends have not changed 

too drastically, the data may be useful in validating the XPS results. Although monitoring 

of SO2 or SO4
2-

 will not shed light on why Thompson Farm had sulfite and Appledore 

Island had sulfate present, information about the abundance of cations may. The amounts 

of common cations in aerosols were detected at Thompson Farm and at Fort Constitution. 

Since no cation information was available from Appledore Island, Fort Constitution is 

used here. Fort Constitution is a site which is inland from Appledore Island but the 
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proximity to the ocean allows Fort Constitution to be used as a proxy for Appledore 

Island. 

  Bulk aerosol sampling was used at Thompson Farm (TF) and Fort Constitution 

(FC) to monitor common inorganic ions. Samples were collected on 90 mm Teflon filters 

for 24 hour time intervals.
170,174

 After collection, the filters were extracted into a 

water/methanol solution, preserved in chloroform, and analyzed by ion chromatography 

(IC).
175

 The amount of sulfate at TF and FC is shown in Figure 3.34. Figure 3.35 shows 

the amount of sodium ions collected on filters from January 2001 – December 2003. 

Other cations are shown in Appendix G. Although there is variation over short time 

periods, overall, the amount of sulfate at TF and FC is similar during the 4 year sampling 

period. However, the amounts of the cations sampled at FC were much greater than at 

TF. Therefore, the observation of fewer cations on the TF silver samples is consistent 

with aerosol sampling measurements. The similarity in oxidized sulfur and the difference 

in cation concentrations support the theory that alkali species are responsible for the type 

of oxidized sulfur on the silver coupons. 
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Figure 3.33 AIRMAP SO4
2-

 data from Fort Constitution & Thompson Farm.
170,174

 The 

solid black circles are data from Fort Constitution and the open red circles are the data 

from Thompson Farm. Samples were taken every 24 hours. 

 

 

Figure 3.34 AIRMAP Na
+
 data from Fort Constitution & Thompson Farm.

170,174
 The 

solid black circles are data from Fort Constitution and the open red circles are the data 

from Thompson Farm. Samples were taken every 24 hours. 
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3.3.6 Cause of Change in Ratios of Ag2SO4/Ag2S and Ag2SO3/Ag2S  

The variability in the ratios of the sulfur 2p peaks over time for both the New 

Hampshire and Hawaii samples may be attributed to several factors. These include: 

continuation of new deposition leading to a change in film thickness and composition; 

surface rinsing especially in the case of the unsheltered samples which leads to solvation 

of highly soluble species such as Ag2SO4; evolution of products once adsorbed onto the 

surface either in solid phase or aqueous phase. 

Continuous deposition of new species would change the composition of the 

product layer. Take the Appledore Island, New Hampshire samples as an example. Since 

XPS can only measure a small depth (~10 nm) if the sulfate was only deposited at the 

beginning of exposure, assume only during the first 2 months, then as new species were 

deposited which did not include SO4
2-

 the amount of SO4
2-

 would decrease as the film 

thickness increased. Although there is some variability in aerosol composition over time 

(Figure 3.34), this may not be the complete explanation.  

Surface rinsing could also explain why the amounts of sulfate and sulfite change 

over time. In regards to marine samples (Appledore Island, NH and Kaneohe MAB, HI), 

the amount of sulfate is much greater on the sheltered samples when compared to the 

unsheltered samples. This is consistent with the higher solubility of sulfate and sulfite 

relative to sulfide as described earlier. Higher humidity and surface wetting at locations 

very close to waterlines with wave-action may result in more surface rinsing. This impact 

of surface rinsing is consistent with the rinsing of the single measurements shown in 

Figures 3.8-3.11. The impact of surface wetting supports the idea that sheltering may 
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inhibit sample wash-off to some degree. The solubility of sulfate is not conducive to 

remaining on a sample which is experiencing wash off. This could be very significant 

since many outdoor exposures are done at 45° with no sheltering. If the solubility of 

Ag2SO4 leads to transport of silver off of the surface, there could be significant corrosion 

which is being neglected. 

Finally, it is also possible that the species on the surface could be evolving over 

time and resulting in more Ag2S. This would mean that the oxidized sulfur species are 

being reduced from sulfite or sulfate into sulfide. However, since it is unlikely that a 

silver surface would be a reducing environment for oxidized sulfur species, the results 

from this study do not support this argument.  

 

3.3.7 Why are Ag2SO3 and Ag2SO4 Not Routinely Identified in Literature? 

Ag2SO3 and Ag2SO4 are not detected on any of the samples which were analyzed 

with reduction. This is consistent with literature that does not report Ag2SO4 or Ag2SO3 

on corroded silver coupons.
4,100

 A possible explanation for the lack of sulfate or sulfite 

detection in the literature is that these species are soluble. Galvanic reduction involves 

submerging the corroded sample in solution, often either NaCl or Na2SO4. Both of these 

solutions increase the solubility of the sulfate or sulfite adsorbed on the surface. It is also 

possible that while in solution, a more soluble product could be replaced by a less soluble 

product. Na2SO4 is currently used by the Frankel and Kelly labs since it was shown that 

any Ag2O present from corrosion would be converted to AgCl in the presence of NaCl.
2
 

Perhaps the Ag2SO3 or Ag2SO4 is being replaced with dissolved Cl once it has been 
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placed in the reduction solution to form AgCl. Overall, it is likely that the solubility of 

silver sulfite and sulfate plays a key role in the discrepancy between XPS and 

galvanostatic reduction. 

 

3.3.8 Ag2SO4 Generation on Laboratory Accelerated Tests 

A few attempts to create Ag2SO4 in the lab were made. These are shown in Figure 

3.19 – Figure 3.22. The small plateau in Figure 3.19 for the sample which was 

galvanostatically oxidized in H2SO4 is at the potential for AgCl, not Ag2SO4. There was a 

small amount of both Na
+
 and Cl

-
 observed in the XPS results (shown in Appendix F). 

Even though reduction found no evidence of Ag2SO4, it was detected with XPS (Figure 

3.20). Ag2SO3 is not ruled out since there was a shoulder on the lower binding energy 

side which may have been caused by sulfite. This highlights the need to use XPS when 

detecting sulfite and sulfate since reduction cannot detect them. 

The second set of lab tests examined the impact of oxidation on a silver sulfide 

surface, Figure 3.21 and Figure 3.22. The sample which had no Ag2S, also had no 

Ag2SO3 or Ag2SO4 formed (Figure 3.22). However, the other three samples had a small 

amount of sulfite or sulfate. XPS detects oxidized sulfur on these samples, although it is 

much less than AgS. One of the samples (blue spectrum) even has a small reduction 

plateau (Figure 3.21) at -0.072 VMSE which is associated with Ag2SO4. This suggests that 

although Ag2SO3 and Ag2SO4 are not easily formed from the oxidation of Ag2S, it may 

be possible. 
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Further accelerated tests need to be done to reproduce the corrosion products 

found on field-exposed samples. Bare silver and oxidized silver should be exposed in the 

presence of SO2 (with and without RH, O3, UV light, and NaCl). In the presence of water 

vapor, SO2 should readily become HSO3
-
 which should form Ag2SO3. If NaCl is also 

present, then Ag2SO4 should be formed instead of or in conjunction with Ag2SO3. If these 

parameters do not yield sulfite and sulfate, then a bisulfite salt solution could be used 

instead. 

 

3.3.9 Suggested Improvements for Accelerated Laboratory Tests 

If the suggested laboratory tests in the previous section provide further evidence 

for the formation of Ag2SO3 and Ag2SO4, then the modifications that currently exist for 

the salt spray chamber should be further improved. By adding a source of either SO2 or 

HSO3
-
 solution, Ag2SO3 and Ag2SO4 should be able to form in the currently modified test 

chamber. Since other materials are also susceptible to corrosion by SO2, it would make 

sense that it should be included in the test chamber. With this final modification, oxides, 

chlorides, sulfides and sulfates can be generated in laboratory tests. In order to have an 

accurate accelerated test, the key parameters must be included. Having multiple 

adjustable parameters would allow refinement of the exposure conditions to reproduce 

different environments. Even though this may not lead to a large acceleration factor, it 

would allow one test chamber to be used to model very different atmospheric conditions. 
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4. The Prevalence of Atmospheric Chloride Sources in Various 

Environments as Detected by Silver Corrosion Analysis 

This chapter provides data which shows that AgCl is formed on field-exposed 

silver with little dependence on proximity to a saltwater source. The cause of widespread 

AgCl formation regardless of environment has been called to attention in recent 

literature.
2–4

 This chapter suggests a link between silver corrosion and recent atmospheric 

studies which show high levels of ClNO2 and Cl radical across the United States.  

 

4.1 Introduction 

Reactive halogen species, especially the chlorine radical, may contribute to the 

local oxidative capacity of an environment.
5,17,45,81,176–179

 Considering that the rate 

constant of the chlorine radical reaction with atmospheric trace species has been shown to 

be up to 100 times that of OH radical,
79,180,181

 chlorine radicals and their precursors may 

exert a considerable impact on the local environment.
42,79,86,182

 Active chlorine 

compounds which serve as precursors for the chlorine radical (Cl) include: chlorine 

molecules (Cl2), nitryl chloride (ClNO2), chlorine nitrate (ClONO2), dichlorine peroxide 

(Cl2O2) and nitrosyl chloride (ClNO) along with many other species.
63,86–90,127,183

 

Although chlorine radicals have been observed in relatively high concentrations in both 

the marine boundary layer as well as in coastal urban locations, it has long been 

suggested that there is an unrecognized source of Cl2.
64
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Recently, it was shown that significant concentrations of the chlorine radical 

precursor ClNO2 were observed far from any coastline.
5
 The study proposed that a 

sizeable amount of chlorine radicals found in the troposphere arises from anthropogenic 

sources. This finding indicates that there are sources generating reactive chlorine far from 

salt-water sources. Mechanisms for the formation of ClNO2 and Cl are: 
5,63,86–90

  

 

Previous literature on silver corrosion states that Ag2S is the dominant corrosion 

species in most environments.
100

 However, recent silver exposures have shown that AgCl 

is often the dominant corrosion product.
2,4

 Additionally, AgCl has been detected at inland 

sites.
4
 It is not surprising that high levels of chloride are observed on samples from 

marine environments where there is an abundance of saltwater aerosols, but it is 

interesting that inland samples also exhibit high levels of chloride deposition. The 

mechanism for AgCl formation has been shown to proceed through an Ag2O intermediate 

in dry or wet conditions.
 2,3

  

 

N2O5(g) + H2O(aq) → 2HNO3(aq) (4.1) 

N2O5(g) + Cl
-
(aq) → ClNO2(g) + NO3

-
(aq) (4.2) 

ClNO2 + h → Cl +NO2 (4.3) 

2Ag + 2OH → Ag2O + H2O (4.4) 

Ag2O + Cl2 → 2AgCl + ½O2 (dry) (4.5) 

Ag2O + 2Cl
-
 + H2O → 2AgCl + 2OH

-
 (wet) (4.6) 
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Since AgCl has been reported at areas which are not near saltwater sources, silver 

corrosion may reflect these non-marine sources of chloride. 

 

4.2 Results 

Samples which were exposed at various locations across the United States and 

Antarctica were described in detail in Chapter 2. Nearly every sample which was exposed 

had AgCl as a corrosion product. A sample of the XPS chlorine 2p region scan data is 

shown in Error! Reference source not found., complete spectra from every sample is 

given in Appendix F. There is a doublet at 198.6 and 200.2 eV in these spectra which 

agrees well with literature values of AgCl.
136

 Although some samples appear to have 

more or less AgCl on the surface, nearly every site has some measureable amount. The 

one exception is Mauna Loa, HI. Only the one month samples had a detectable amount of 

AgCl, the three and six month samples did not. Galvanostatic reduction confirms the 

presence of AgCl on these samples, the results are shown in Chapter 3, Figures 3.3, 3.4, 

3.10, 3.11, 3.12, and Table 2.1.  
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Figure F.48 XPS Cl 2p region scans of all samples exposed at Thompson Farm, NH (A) 

sheltered (B), unsheltered and Appledore Island, ME (C) sheltered, (D) unsheltered. 

Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month 

exposures, respectively. 
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4.3 Discussion 

Wave action is a significant source for particles in coastal areas.
45,184

 Chloride 

ions may make up a significant portion of aerosols in coastal areas.
17,42

 This is consistent 

with literature and the sample exposures in this study which observed AgCl on samples 

near saltwater sources.
1,2,4

 A sample was exposed at Kilauea volcano and although not 

typically thought of as a chloride source, volcanoes can emit hydrochloric acid (HCl)
185

 

and are known to be very corrosive.
97 

However, there are several samples which were 

neither near saltwater nor a volcano and still had AgCl formation. Mauna Loa, HI was the 

only location which did not reproducibly form AgCl on the surface, and this may be 

attributed to the height and insularity of the location (above the marine temperature 

inversion layer) which inhibits transport of local ground-level species to the sampling 

sight.
122–124

 Mauna Loa’s summit is 4.17 km above sea level, with the observatory at 3.4 

km. The samples were exposed near the observatory which is above the trade wind 

inversion located approximately 2 km above sea level. These values are shown in Figure 

4.3. 

As was discussed in Chapter 3, the University of New Hampshire has a long (10+ 

years) history of atmospheric chemistry data. Some ion collection data were shown in 

Chapter 2, which included Na
+
. Figure 4.2 shows that chloride (Cl

-
) is detected both at 

marine and inland monitoring locations. This is consistent with the AgCl that was formed 

at two monitoring locations in New England, Thompson Farm (inland) and Appledore 

Island (marine). Furthermore, Table 4.1 is a correlation table for Cl
-
 and Na

+
. Cl

-
 was 
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detected on every sample exposed in this study, with the exception of Mauna Loa. This 

table shows that there is little correlation between the detection of AgCl and Na
+
.  

Only sodium is presented in Table 4.1 since if other cations were present (K
+
, 

Ca
2+

, or Mg
2+

), sodium was also present. The lack of a correlation between alkali cations 

and Cl
-
 supports the hypothesis that inland AgCl formation is not caused by long-range 

transport of sea salt particles, but is instead caused by an inland source that is not 

associated with sodium or other salts. This is consistent with continental chloride 

measurements of ClNO2 and Cl radical.  

 

 

Figure 4.1 AIRMAP Cl
-
 data from Fort Constitution & Thompson Farm.

170,174
 The solid 

black circles are data from Fort Constitution and the open red circles are the data from 

Thompson Farm. Samples were taken every 24 hours. One data point from FC at 8.8 ppb 

is not shown. 
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Figure 4.2 Picture showing the heights of Mauna Loa summit, Mauna Loa observatory 

(MLO) and the trade wind inversion. The graph on the left is adapted from Mendonca 

and Iwaoka.
124

 

 

 

Table 4.1 Correlation between the presence of Cl
-
 and alkali cations. Na

+
 is used as an 

indicator of the presence of cations since Na
+
 was always present if other cations were 

also observed with XPS. Other cations found with XPS include: Ca
2+

, K
+
, and Mg

2+
. The 

numbers shown in the table correlate with the locations indicated on the right. For 

locations 1-5, an “s” indicates the sample was sheltered, “u” means unsheltered, and the 

number at the end specifies the number of months the sample was exposed. 
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5. Conclusions and Future Work 

This dissertation shows evidence that sulfite and sulfate are critical in the 

corrosion process on silver. This is the first report of detection of these species on field-

exposed silver. This study shows evidence of Ag2SO3 or Ag2SO4 detected on 37 out of 48 

samples exposed in different atmospheric environments in locations from New 

Hampshire to Hawaii and in Antarctica.  

The proposed reaction mechanism for the formation of Ag2SO3 and Ag2SO4 on 

field-exposed silver is: 

 

The bisulfite ion is proposed to be the primary source of the sulfite and sulfate present on 

the silver coupons. In the presence of alkali cations, such as Na
+
, Ag2SO4 is formed from 

the intermediate Ag2SO3; whereas, in the absence of these cations, Ag2SO3 is the final 

product. The difference in alkali cation concentration on inland vs. marine samples is 

consistent with previous aerosol measurements.
170,174

 

The ratio of oxidized to reduced sulfur species varies over time on field-exposed 

samples. The variability in this ratio is consistent with the higher solubility of Ag2SO3 

2Ag + O2, O(
1
D), O3, OH, etc. → Ag2O 

Ag2O + HSO3
-
 → Ag2SO3 + OH

-
 

Ag2SO3 +  O3, Ag2O, etc. 
   

→   Ag2SO4 
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and Ag2SO4 when compared with Ag2S.
41

 Evidence of this solubility was also observed 

upon systematic rinsing of the single measurement samples after exposure was 

completed. The higher solubility of Ag2SO3 and Ag2SO4 explains why these species are 

not readily identified with galvanostatic reduction which immerses the sample in 

solution.  

Attempts were made to form Ag2SO4 on silver coupons in the lab.
131

 The 

formation employed either polarization in H2SO4, galvanostatic oxidation in H2SO4, or 

oxidation of Ag2S. Analysis of XPS results found Ag2SO3 or Ag2SO4 on all of the 

samples as opposed to reduction which only found Ag2SO4 on one of the samples which 

oxidized Ag2S.  These studies prove that although reduction may not detect sulfate or 

sulfite, XPS often does. Also, the evidence of Ag2S oxidation to Ag2SO3 or Ag2SO4 is in 

contrast with literature which states that this pathway is unavailable due to the change in 

sulfur’s oxidation state from -2 to +4 or +6.
100

 The detection of Ag2SO3 and Ag2SO4 on 

field-exposed silver warrants some further investigations, but has shown that surface-

sensitive techniques, e.g. XPS or ToF-SIMS (time of flight secondary ion mass 

spectroscopy) are needed in order to accurately understand corrosion. 

The detection of AgCl on silver coupons at every location of outdoor exposure in 

recent studies has raised questions as to the source of the chloride.
2–4

 The two 

possibilities are either long-range transport of marine aerosols to inland sites, or an 

unknown local chloride source. Evidence of AgCl formation was presented in this study 

which is consistent with past measurements, showing AgCl formation at nearly every site 

regardless of the proximity to saltwater sources.
4
 Aerosol measurements show higher 
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levels of both Na
+
 and Cl

-
 near marine areas when compared to inland sites.

170,174
 The 

source of continental chloride has been attributed to ClNO2 which yields Cl radical when 

photolyzed.
5,63,86–90

 The data from this study supports ClNO2 as the source of AgCl on 

inland samples since there is no correlation between Na
+
 and Cl

-
 on the field-exposed 

samples. 

As was mentioned previously, extensive research has been carried out on the 

corrosion mechanisms needed to form AgCl,
1,2

 including modifications to the ASTM-

B117 salt spray test.
3
 With the addition of O3 and UV light in the chamber, Ag2O and 

AgCl are able to be formed and give a significant acceleration to field studies. However, 

as Ag2SO4 and Ag2SO3 have been found at numerous sites in this study, it is further 

recommended that a source for these species be added as well. If the mechanism 

proposed in this study for Ag2SO4 formation is correct, addition of SO2 to the parameters 

already used in the modified salt fog test may lead to even better replication of field 

conditions. Since in the presence of high relative humidity, SO2 will produce HSO3
-
. 

Therefore, using the typical B117 chamber (NaCl and RH), with the modification of UV 

light and O3, and further adding SO2 may reproducibly form Ag2SO3 and Ag2SO4 in the 

lab. This certainly warrants testing based on the results found in this study. 

Further work should also be done to test the variability of the composition of 

corrosion products on field-exposed samples. In order to test reproducibility, more than 

one sample should be exposed for testing, preferably three samples for each exposure. 

Also the effects of surface rinsing should be tested. For instance, studying the severity of 

corrosion with freshwater, freshwater with identified contaminants, and saltwater should 
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be tested and compared to samples which are not rinsed. In addition, different frequencies 

of rinsing should be compared. 

Often, there is a desire to understand the atmospheric conditions in locations with 

harsh conditions but this is not always easy (Antarctica and Kilauea volcano for 

instance). Since silver corrosion provides information about the species in an 

environment, it could be very useful in places where conditions are too harsh for sensitive 

equipment or humans. Although analysis of silver corrosion may not offer such great 

details as on-site monitoring techniques such as ion chromatography or aerosol mass 

spectroscopy, it may still ensure a preliminary evaluation about the oxidative capacity of 

the local environment. Corrosion product monitoring can establish long-term changes in 

corrosivity and can be used as a proxy for the changes in atmospheric chemistry at a 

location of interest. 

Silver coupons are a reactive substrate for atmospheric deposition; this lends Ag 

to being a good monitor for chloride, sulfide, oxidized sulfur, and even oxidized organics. 

However, there are a few weaknesses in using silver. First, silver is not inexpensive, nor 

is surface-sensitive analysis using XPS or ToF-SIMS if one is not readily available for 

use. Second, some silver corrosion products are soluble. This study showed evidence that 

sheltering can often reduce the impact of surface rinsing, but it cannot be completely 

mitigated. Therefore, certain very soluble species such as nitrates are not able to be 

monitored with this technique. However, even with these drawbacks, silver remains a 

relatively easy and efficient way to get a general sense of an environment’s corrosivity.  
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Appendix A: Tables 

Table A.1 Thermodynamic parameters (Ksp, H, S, and G) used in this study.
41

 

     

Formula  Ksp Enthalpy, H 

(kJ/mol) 
Entropy, S 

(J/mol∙K) 
Free Energy, G 

(kJ/mol) 

Ag 0 0 42.55 0 

Ag
+
    +105.58 

Ag2O 3.6 × 10
-11

 -31.05 121.34 -11.22 

Ag2S 8 × 10
-51

 -29.41 150.62 -40.70 

Ag2SO4 1.2 × 10
-5

 -715.88 200.41 -618.89 

AgCl 1.77 × 10
-10

 -127.07 96.23 -109.88 

AgNO3 51.6 -124.39 140.92 -33.47 

Ag2CO3 8.46 × 10
-12

 -505.85 167.36 -436.81 

Ag2SO3 1.5 × 10
-14

 -490.78 158.16 -411.56 

AgNO2 6 × 10
-4

 -45.06 128.20 19.08 

AgClO2 2.0 × 10
-4

 8.79 134.56 75.73 

Cl radical  121.29 165.06 105.31 

Cl
-
  -167.15 56.48 -131.25 

Cl2  0 222.97 0 

CO2  -393.51 213.68 -394.38 

H2  0 130.58 0 

H2O(g)  -241.82 188.72 -228.59 

H2O(l)  -285.83 69.91 -237.18 

H2O2(g)  -136.11 232.88 -105.48 

H2O2(l)  -187.78 109.62 -120.42 

H2S  -20.17 205.77 -33.05 

HSO3
-
  -626.22 139.75 -527.8 

H2SO4  -813.99 156.9 -690.07 

O radical  249.17 160.95 231.75 

O2  0 205.03 0 

O3  142.67 238.82 163.18 

OH radical  38.95 183.64 34.23 

OH
-
  -229.99 -10.75 -157.27 

SO2  -296.83 248.11 -300.19 

SO3
2-

  -635.55 -29.29 -486.60 

SO4
2-

    -909.3 

S
2-

    +33.05 

S2O3
2-

    -648.5 
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Table A.2 Some Henry’s constant (H) values which were used in this study.
41

 

  

Formula H (M/atm) 

O2 1.3 × 10
-3

 

H2 7.8 × 10
-4

 

CO2 3.4 × 10
-2

 

N2 6.1 × 10
-4

 

CO 9.5 × 10
-4

 

NO2 1 × 10
-2

 

O3 ~1 × 10
-2

 

SO2 1.2 

H2S 0.087 

OCS 0.022 

CS2 0.055 

NH3 62 

OH 30 

HCl 1.1 
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Appendix B: Pourbaix Diagrams 

 

Figure B.1 Potential-pH diagram for Ag-H2O at 25°C, for [dissolved Ag] = 1 M. The 

region of water stability is bounded by the dashed lines (adapted from Pourbaix, 1974).
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Figure B.2 Potential-pH diagram for Ag-S-Cl-CO2-H2O system at 25°C, for an activity 

of sulfur of 0.1 M, activity of chlorine of 0.05 M, total carbon concentration of 0.01 M, 

and for [dissolved Ag] = 1 M. Similar to silver in a freshwater environment. The region 

of water stability is bounded by the dashed lines (adapted from Pourbaix, 1974).
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Appendix C: Attenuation Length 

 

Figure C.1 Attenuation length plot indicating the kinetic energy of exiting electrons for a 

given number of monolayers. The dots are different elements and the line is a fit to the 

data (adapted from Vickerman and Gilmore, 2009).
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Appendix D: Error in XPS 

Date 
Area under 
the curve 

Average Stdev 

6/2/2012 140562.6 141820.7 1233.449 

 141204.7   
 142107.2   
 143408.1   

6/15/2012 138638.8 139620.5 920.0871 
 139256.5   
 139774.7   
 140812   

7/2/2012 136731.7 137299.1 543.6178 
 137134.1   
 137189.4   
 137237.1   
 138203   

7/3/2012 134680.3 135911.5 919.0821 
 135960.1   
 136104.9   
 136900.7   

7/4/2012 139024.3 142909.4 4465.731 
 139265   
 141053.6   
 146203.5   
 149000.4   

7/5/2012 135440.5 139338.8 4778.431 
 135866   
 137083.2   
 138362.6   
 141129.2   
 148151.5   

7/6/2012 128032.5 128517 693.9948 
 128032.5   
 128119.9   
 128772   
 129628   

7/8/2012 126766.4 128986.7 2173.564 
 129083.4   
 131110.3   

Average 137112 136800.4 45883.84 
Stdev 5609.079 1965.995 1714.196 
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The same clean silver sample was analyzed via XPS over multiple days. Before 

each scan, the sample was etched with the argon ion beam until the carbon 1s signal was 

not detectable above the noise. To see the error within a day, take the standard deviation 

(stdev) divided by the average. This value (error) ranges from 3.4-0.4% across the 

different days. The average error for one day is about 1.4% (1965.995/136800.4). By 

taking the average and stdev of all days, the error can be found for the total to be about 

4.1% (5609.079/137112). 

  



 

133 

 

 

 

Appendix E: Calculation of Film Thickness from a Reduction Curve 

Assuming that all oxidized silver is in the form of Ag
+
, the most abundant oxidation 

state of silver, the reduction reaction is (see Eq. (1.42): 

 

Ag → Ag
+
 + e

-
. (E.1) 

 

Now, according to Faraday’s law (see Eq. (1.2)): 

 

1 mole of electrons = 96454.56 C = charge of 1 mole of Ag
+
. 

 

Since the ordinate axis in the reduction curves is time (for example, a reduction 

plateau spanning t =1000 s) and since a constant surface current of Is = 0.1 mA/cm
2
 is 

applied, then by multiplying both these quantities, the surface charge over the reduction 

plateau may be calculated as: 

 

                  
  

              . (E.2) 

 

If one further assumed that the corrosion film is completely comprised of AgCl, the 

number of moles of Ag
+
 per unit area can be calculated by: 

 

   
  

 
 (

          

              
)  

       

  
                  . (E.3) 

 

In the case of Ag
2+

, the number of moles would be equal to the total charge divided by 

2F. 
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Finally, by multiplying Eq. (E.3) by the atomic weight and dividing by the density of 

AgCl, the thickness of the corrosion film is calculated: 

 

  
       

     
 (

                              

          )  
      

  
       . (E.4) 

 

If there is more than one plateau, then the total charge is read at the end of the last plateau 

(excluding hydrogen evolution).  
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Appendix F: Complete XPS Spectra 

 

Figure F.1 XPS survey spectra for the samples exposed at Coconut Island, HI (top), 

Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.2 XPS survey spectra for the samples exposed at Long Island, NY (top), Lyon 

Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.3 XPS survey spectra for the samples exposed at West Jefferson, OH (top), 

Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green 

spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.4 XPS Ag 3d spectra for the samples exposed at Coconut Island, HI (top), 

Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.5 XPS Ag 3d spectra for the samples exposed at Long Island, NY (top), Lyon 

Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.6 XPS Ag 3d spectra for the samples exposed at West Jefferson, OH (top), 

Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green 

spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.7 XPS C 1s spectra for the samples exposed at Coconut Island, HI (top), 

Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.8 XPS C 1s spectra for the samples exposed at Long Island, NY (top), Lyon 

Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.9 XPS C 1s spectra for the samples exposed at West Jefferson, OH (top), 

Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green 

spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.10 XPS N 1s spectra for the samples exposed at Coconut Island, HI (top), 

Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.11 XPS N 1s spectra for the samples exposed at Long Island, NY (top), Lyon 

Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.12 XPS N 1s spectra for the samples exposed at West Jefferson, OH (top), 

Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green 

spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.13 XPS O 1s spectra for the samples exposed at Coconut Island, HI (top), 

Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.14 XPS O 1s spectra for the samples exposed at Long Island, NY (top), Lyon 

Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.15 XPS O 1s spectra for the samples exposed at West Jefferson, OH (top), 

Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green 

spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.16 XPS Na 1s spectra for the samples exposed at Coconut Island, HI (top), 

Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.17 XPS Na 1s spectra for the samples exposed at Long Island, NY (top), Lyon 

Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.18 XPS Na 1s spectra for the samples exposed at West Jefferson, OH (top), 

Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green 

spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.19 XPS Mg 2p spectra for the samples exposed at Coconut Island, HI (top), 

Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.20 XPS Mg 2p spectra for the samples exposed at Long Island, NY (top), Lyon 

Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.21 XPS Mg 2p spectra for the samples exposed at West Jefferson, OH (top), 

Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green 

spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.22 XPS S 2p spectra for the samples exposed at Coconut Island, HI (top), 

Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.23 XPS S 2p spectra for the samples exposed at Long Island, NY (top), Lyon 

Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.24 XPS S 2p spectra for the samples exposed at West Jefferson, OH (top), 

Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green 

spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.25 XPS Cl 2p spectra for the samples exposed at Coconut Island, HI (top), 

Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.26 XPS Cl 2p spectra for the samples exposed at Long Island, NY (top), Lyon 

Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.27 XPS Cl 2p spectra for the samples exposed at West Jefferson, OH (top), 

Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green 

spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.28 XPS K 2p spectra for the samples exposed at Coconut Island, HI (top), 

Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.29 XPS K 2p spectra for the samples exposed at Long Island, NY (top), Lyon 

Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.30 XPS K 2p spectra for the samples exposed at West Jefferson, OH (top), 

Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green 

spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.31 XPS Ca 2p spectra for the samples exposed at Coconut Island, HI (top), 

Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.32 XPS Ca 2p spectra for the samples exposed at Long Island, NY (top), Lyon 

Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra 

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.33 XPS Ca 2p spectra for the samples exposed at West Jefferson, OH (top), 

Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green 

spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area), 

respectively. 
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Figure F.34 XPS spectra for the sample exposed at McMurdo, Antarctica; survey (top), 

Ag 3d (middle), C 1s (bottom). The black, red, and green spectra are on time A unrinsed 

(upon initial receipt), time A rinsed, and time B unrinsed (2 years after receipt), 

respectively. 
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Figure F.35 XPS spectra for the sample exposed at McMurdo, Antarctica; N 1s (top), O 

1s (middle), Na 1s (bottom). The black, red, and green spectra are on time A unrinsed 

(upon initial receipt), time A rinsed, and time B unrinsed (2 years after receipt), 

respectively. 
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Figure F.36 XPS spectra for the sample exposed at McMurdo, Antarctica; Mg 2p (top), S 

2p (middle), Cl 2p (bottom). The black, red, and green spectra are on time A unrinsed 

(upon initial receipt), time A rinsed, and time B unrinsed (2 years after receipt), 

respectively. 
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Figure F.37 XPS spectra for the sample exposed at McMurdo, Antarctica; K 2p (top) and 

Ca 2p (bottom). The black, red, and green spectra are on time A unrinsed (upon initial 

receipt), time A rinsed, and time B unrinsed (2 years after receipt), respectively. 
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Figure F.38 XPS survey scans of the silver samples exposed at Thompson Farm, NH; 

sheltered (top) and unsheltered (bottom). Black, red, green, blue, and purple spectra 

correspond to 1, 2, 3, 4, and 6 month exposures, respectively. 
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Figure F.39 XPS survey scans of the silver samples exposed at Appledore Island, ME; 

sheltered (top) and unsheltered (bottom). Black, red, green, blue, and purple spectra 

correspond to 1, 2, 3, 4, and 6 month exposures, respectively. 
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Figure F.40 XPS Ag 3d region scans of all samples exposed at Thompson Farm, NH (A) 

sheltered (B), unsheltered and Appledore Island, ME (C) sheltered, (D) unsheltered. 

Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month 

exposures, respectively. 
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Figure F.41 XPS C 1s region scans of all samples exposed at Thompson Farm, NH (A) 

sheltered (B), unsheltered and Appledore Island, ME (C) sheltered, (D) unsheltered. 

Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month 

exposures, respectively. 
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Figure F.42 XPS N 1s region scans of all samples exposed at Thompson Farm, NH (A) 

sheltered (B), unsheltered and Appledore Island, ME (C) sheltered, (D) unsheltered. 

Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month 

exposures, respectively. 
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Figure F.43 XPS O 1s region scans of all samples exposed at Thompson Farm, NH (A) 

sheltered (B), unsheltered and Appledore Island, ME (C) sheltered, (D) unsheltered. 

Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month 

exposures, respectively. 
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Figure F.44 XPS Na 1s region scans of all samples exposed at Thompson Farm, NH (A) 

sheltered (B), unsheltered and Appledore Island, ME (C) sheltered, (D) unsheltered. 

Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month 

exposures, respectively. 
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Figure F.45 XPS Mg 1s region scans of all samples exposed at Thompson Farm, NH (A) 

sheltered (B), unsheltered and Appledore Island, ME (C) sheltered, (D) unsheltered. 

Black, blue, and purple spectra correspond to 1, 4, and 6 month exposures, respectively. 
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Figure F.46 XPS SI 2p region scans of all samples exposed at Thompson Farm, NH (A) 

sheltered (B), unsheltered and Appledore Island, ME (C) sheltered, (D) unsheltered. 

Black, red, green, and blue spectra correspond to 1, 2, 3, and 4 month exposures, 

respectively. 

110 105 100 95

0

1

2

3

4

5
 

(A)

1 mo

2 mo

3 mo

4 mo
C

P
S

 x
1

0
2

Binding Energy (eV)

110 105 100 95

0

1

2

3

4

 

 

(B)

C
P

S
 x

1
0

2

Binding Energy (eV)

110 105 100 95

0

1

2

3

 

 

(C)

C
P

S
 x

1
0

2

Binding Energy (eV)

110 105 100 95

0

1

2

3

 

 

(D)

C
P

S
 x

1
0

2

Binding Energy (eV)



 

181 

 

 

Figure F.47 XPS S 2p region scans of all samples exposed at Thompson Farm, NH (A) 

sheltered (B), unsheltered and Appledore Island, ME (C) sheltered, (D) unsheltered. 

Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month 

exposures, respectively. 
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Figure F.48 XPS Cl 2p region scans of all samples exposed at Thompson Farm, NH (A) 

sheltered (B), unsheltered and Appledore Island, ME (C) sheltered, (D) unsheltered. 

Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month 

exposures, respectively. 
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Figure F.49 XPS K 2p region scans of all samples exposed at Thompson Farm, NH (A) 

sheltered (B), unsheltered and Appledore Island, ME (C) sheltered, (D) unsheltered. 

Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month 

exposures, respectively. 
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Figure F.50 XPS Ca 2p region scans of all samples exposed at Thompson Farm, NH (A) 

sheltered (B), unsheltered and Appledore Island, ME (C) sheltered, (D) unsheltered. 

Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month 

exposures, respectively. 
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Figure F.51 XPS survey scans of all samples exposed in Hawaii; Kaneohe MAB (A) 

sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna 

Loa observatory (E) sheltered, (F) unsheltered. Black, red, and green spectra correspond 

to 1, 3, and 6 month exposures, respectively. 
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Figure F.52 XPS survey scans of all samples exposed at Kilauea volcano in Hawaii. 1 

month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6 

month (E) sheltered and (F) unsheltered. Black, red, and green spectra correspond to dark 

center, white stripe, and dark edge, respectively. 
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Figure F.53 XPS survey scans of 6 month unsheltered samples exposed at Mauna Loa in 

Hawaii. Black and red spectra correspond to the dark film and light substrate, 

respectively. 
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Figure F.54 XPS Ag 3d scans of all samples exposed in Hawaii; Kaneohe MAB (A) 

sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna 

Loa observatory (E) sheltered, (F) unsheltered. Black, red, and green spectra correspond 

to 1, 3, and 6 month exposures, respectively. 
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Figure F.55 XPS Ag 3d scans of all samples exposed at Kilauea volcano in Hawaii. 1 

month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6 

month (E) sheltered and (F) unsheltered. Black, red, and green spectra correspond to dark 

center, white stripe, and dark edge, respectively. 
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Figure F.56 XPS Ag 3d scans of 6 month unsheltered samples exposed at Mauna Loa in 

Hawaii. Black and red spectra correspond to the dark film and light substrate, 

respectively. 
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Figure F.57 XPS C 1s scans of all samples exposed in Hawaii; Kaneohe MAB (A) 

sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna 

Loa observatory (E) sheltered, (F) unsheltered. Black, red, and green spectra correspond 

to 1, 3, and 6 month exposures, respectively. 
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Figure F.58 XPS C 1s scans of all samples exposed at Kilauea volcano in Hawaii. 1 

month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6 

month (E) sheltered and (F) unsheltered. Black, red, and green spectra correspond to dark 

center, white stripe, and dark edge, respectively. 
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Figure F.59 XPS C 1s scans of 6 month unsheltered samples exposed at Mauna Loa in 

Hawaii. Black and red spectra correspond to the dark film and light substrate, 

respectively. 
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Figure F.60 XPS N 1s scans of all samples exposed in Hawaii; Kaneohe MAB (A) 

sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna 

Loa observatory (E) sheltered, (F) unsheltered. Black, red, and green spectra correspond 

to 1, 3, and 6 month exposures, respectively. 
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Figure F.61 XPS N 1s scans of all samples exposed at Kilauea volcano in Hawaii. 1 

month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6 

month (E) sheltered and (F) unsheltered. Black, red, and green spectra correspond to dark 

center, white stripe, and dark edge, respectively. 
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Figure F.62 XPS N 1s scans of 6 month unsheltered samples exposed at Mauna Loa in 

Hawaii. Black and red spectra correspond to the dark film and light substrate, 

respectively. 
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Figure F.63 XPS O 1s scans of all samples exposed in Hawaii; Kaneohe MAB (A) 

sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna 

Loa observatory (E) sheltered, (F) unsheltered. Black, red, and green spectra correspond 

to 1, 3, and 6 month exposures, respectively. 
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Figure F.64 XPS O 1s scans of all samples exposed at Kilauea volcano in Hawaii. 1 

month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6 

month (E) sheltered and (F) unsheltered. Black, red, and green spectra correspond to dark 

center, white stripe, and dark edge, respectively. 
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Figure F.65 XPS O 1s scans of 6 month unsheltered samples exposed at Mauna Loa in 

Hawaii. Black and red spectra correspond to the dark film and light substrate, 

respectively. 
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Figure F.66 XPS Na 1s scans of all samples exposed in Hawaii; Kaneohe MAB (A) 

sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna 

Loa observatory (E) sheltered, (F) unsheltered. Black, red, and green spectra correspond 

to 1, 3, and 6 month exposures, respectively. 
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Figure F.67 XPS Na 1s scans of all samples exposed at Kilauea volcano in Hawaii. 1 

month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6 

month (E) sheltered and (F) unsheltered. Black, red, and green spectra correspond to dark 

center, white stripe, and dark edge, respectively. 

1080 1076 1072 1068
-2

0

2

4

6

8

10

 

 

(C)
dark center

white stripe

C
P

S
 x

1
0

2

Binding Energy (eV)
1080 1076 1072 1068
-2

0

2

4

6

8

10

 

 

(D)

C
P

S
 x

1
0

2

Binding Energy (eV)

1080 1076 1072 1068
-2

0

2

4

6

8

10

12

14

 

 

(E)

C
P

S
 x

1
0

2

Binding Energy (eV)
1080 1076 1072 1068
-2

0

2

4

6

8

10

12

14

 

 

dark center

white stripe

dark edge

(F)

C
P

S
 x

1
0

2

Binding Energy (eV)

1080 1076 1072 1068
-2

0

2

4

6

8

10

12

 

 

(A)

C
P

S
 x

1
0

2

Binding Energy (eV)
1080 1076 1072 1068
-2

0

2

4

6

8

10

12

 

 

(B)

C
P

S
 x

1
0

2

Binding Energy (eV)



 

202 

 

 

Figure F.68 XPS Na 1s scans of 6 month unsheltered samples exposed at Mauna Loa in 

Hawaii. Black and red spectra correspond to the dark film and light substrate, 

respectively. 
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Figure F.69 XPS Mg 1s scans of all samples exposed in Hawaii; Kaneohe MAB (A) 

sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna 

Loa observatory (E) sheltered, (F) unsheltered. Black, red, and green spectra correspond 

to 1, 3, and 6 month exposures, respectively. 

1312 1310 1308 1306 1304 1302 1300 1298

0

2

4

6

8

10

 

 

(A)
1 mo

3 mo

6 mo

C
P

S
 x

1
0

3

Binding Energy (eV)

1312 1310 1308 1306 1304 1302 1300 1298

0

2

4

6

8

10

 

 

(B)

C
P

S
 x

1
0

3

Binding Energy (eV)

1312 1310 1308 1306 1304 1302 1300 1298
-1

0

1

2

3

4

5

 

 

(C)

C
P

S
 x

1
0

3

Binding Energy (eV)

1312 1310 1308 1306 1304 1302 1300 1298
-1

0

1

2

3

4

5

 

 

(D)

C
P

S
 x

1
0

3

Binding Energy (eV)

1312 1310 1308 1306 1304 1302 1300 1298
-1

0

1

2

3

4

5

 

 

(E)

C
P

S
 x

1
0

3

Binding Energy (eV)

1312 1310 1308 1306 1304 1302 1300 1298
-1

0

1

2

3

4

5

 

 

(F)

C
P

S
 x

1
0

3

Binding Energy (eV)



 

204 

 

 

Figure F.70 XPS Mg 1s scans of all samples exposed at Kilauea volcano in Hawaii. 1 

month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6 

month (E) sheltered and (F) unsheltered. Black, red, and green spectra correspond to dark 

center, white stripe, and dark edge, respectively. 
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Figure F.71 XPS Mg 1s scans of 6 month unsheltered samples exposed at Mauna Loa in 

Hawaii. Black and red spectra correspond to the dark film and light substrate, 

respectively. 

1312 1310 1308 1306 1304 1302 1300 1298
-1

0

1

2

3

4

5

 

 

film

substrate

C
P

S
 x

1
0

3

Binding Energy (eV)



 

206 

 

 

Figure F.72 XPS Si 2p scans of all samples exposed in Hawaii; Kaneohe MAB (A) 

sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna 

Loa observatory (E) sheltered, (F) unsheltered. Black, red, and green spectra correspond 

to 1, 3, and 6 month exposures, respectively. 

112 108 104 100 96 92
-1

0

1

2

3

4

 

 

(A)
1 mo

3 mo

6 mo

C
P

S
 x

1
0

2

Binding Energy (eV)

112 108 104 100 96 92
-1

0

1

2

3

4

 

 

(B)

C
P

S
 x

1
0

2

Binding Energy (eV)

112 108 104 100 96 92

0

1

2

3

4

 

 

(C)

C
P

S
 x

1
0

2

Binding Energy (eV)

112 108 104 100 96 92

0

1

2

3

4

 

 

(D)

C
P

S
 x

1
0

2

Binding Energy (eV)

112 108 104 100 96 92

0

1

2

3

4

 

 

(E)

C
P

S
 x

1
0

2

Binding Energy (eV)

112 108 104 100 96 92

0

1

2

3

4

 

 

(F)

C
P

S
 x

1
0

2

Binding Energy (eV)



 

207 

 

 

Figure F.73 XPS Si 2p scans of all samples exposed at Kilauea volcano in Hawaii. 1 

month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6 

month (E) sheltered and (F) unsheltered. Black, red, and green spectra correspond to dark 

center, white stripe, and dark edge, respectively. 
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Figure F.74 XPS Si 2p scans of 6 month unsheltered samples exposed at Mauna Loa in 

Hawaii. Black and red spectra correspond to the dark film and light substrate, 

respectively. 
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Figure F.75 XPS S 2p scans of all samples exposed in Hawaii; Kaneohe MAB (A) 

sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna 

Loa observatory (E) sheltered, (F) unsheltered. Black, red, and green spectra correspond 

to 1, 3, and 6 month exposures, respectively. 
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Figure F.76 XPS S 2p scans of all samples exposed at Kilauea volcano in Hawaii. 1 

month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6 

month (E) sheltered and (F) unsheltered. Black, red, and green spectra correspond to dark 

center, white stripe, and dark edge, respectively. 
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Figure F.77 XPS S 2p scans of 6 month unsheltered samples exposed at Mauna Loa in 

Hawaii. Black and red spectra correspond to the dark film and light substrate, 

respectively. 
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Figure F.78 XPS Cl 2p scans of all samples exposed in Hawaii; Kaneohe MAB (A) 

sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna 

Loa observatory (E) sheltered, (F) unsheltered. Black, red, and green spectra correspond 

to 1, 3, and 6 month exposures, respectively. 

204 202 200 198 196 194

0

2

4

6

8

10

 

 

 

Binding Energy (eV)

C
P

S
 x

1
0

2

C
P

S
 x

1
0

2

C
P

S
 x

1
0

3

C
P

S
 x

1
0

3

C
P

S
 x

1
0

2

C
P

S
 x

1
0

2

(A)

1 mo

3 mo

6 mo

204 202 200 198 196 194

0

2

4

6

8

10

 

 

 

Binding Energy (eV)

(B)

204 202 200 198 196 194
0

1

2

3

4

5

 

 

 

Binding Energy (eV)

(C)

204 202 200 198 196 194
0

1

2

3

4

5

 

 

 
Binding Energy (eV)

(D)

204 202 200 198 196 194
0

2

4

6

8

10

 

 

 

(E)

Binding Energy (eV)

204 202 200 198 196 194
0

2

4

6

8

10

 

 

 

(F)

Binding Energy (eV)



 

213 

 

 

Figure F.79 XPS Cl 2p scans of all samples exposed at Kilauea volcano in Hawaii. 1 

month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6 

month (E) sheltered and (F) unsheltered. Black, red, and green spectra correspond to dark 

center, white stripe, and dark edge, respectively. 
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Figure F.80 XPS Cl 2p scans of 6 month unsheltered samples exposed at Mauna Loa in 

Hawaii. Black and red spectra correspond to the dark film and light substrate, 

respectively. 
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Figure F.81 XPS K 2p scans of all samples exposed in Hawaii; Kaneohe MAB (A) 

sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna 

Loa observatory (E) sheltered, (F) unsheltered. Black, red, and green spectra correspond 

to 1, 3, and 6 month exposures, respectively. 
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Figure F.82 XPS K 2p scans of all samples exposed at Kilauea volcano in Hawaii. 1 

month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6 

month (E) sheltered and (F) unsheltered. Black, red, and green spectra correspond to dark 

center, white stripe, and dark edge, respectively. 
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Figure F.83 XPS K 2p scans of 6 month unsheltered samples exposed at Mauna Loa in 

Hawaii. Black and red spectra correspond to the dark film and light substrate, 

respectively. 
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Figure F.84 XPS Ca 2p scans of all samples exposed in Hawaii; Kaneohe MAB (A) 

sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna 

Loa observatory (E) sheltered, (F) unsheltered. Black, red, and green spectra correspond 

to 1, 3, and 6 month exposures, respectively. 
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Figure F.85 XPS Ca 2p scans of all samples exposed at Kilauea volcano in Hawaii. 1 

month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6 

month (E) sheltered and (F) unsheltered. Black, red, and green spectra correspond to dark 

center, white stripe, and dark edge, respectively. 
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Figure F.86 XPS Ca 2p scans of 6 month unsheltered samples exposed at Mauna Loa in 

Hawaii. Black and red spectra correspond to the dark film and light substrate, 

respectively. 
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Figure F. 87 XPS survey scans of lab generated samples. The black trace was polarized 

in H2SO4 at 0.7 VMSE, the red trace was galvanostatically oxidized in H2SO4 at 0.025 

mA/cm
2
. 
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Figure F.88 XPS scans of lab generated samples. (A) Ag 3d, (B) C 1s, (C) Cl 2p, (D) O 

1s, (E) Na 1s, (F) S 2p. The black trace was polarized in H2SO4 at 0.7 VMSE, the red trace 

was galvanostatically oxidized in H2SO4 at 0.025 mA/cm
2
. 
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Figure F.89 XPS survey scans of lab created samples. The black trace had Ag2S 

deposited for 1 sec, exposed in 0% RH, with 0.63 ppm O3, for 38 hr; the red trace had 

Ag2S deposited for 1 sec, exposed in 90% RH, with 0.63 ppm O3, for 22 hr; the green 

trace had Ag2S deposited for 15 sec, exposed in 90% RH, with 5.5 ppm O3, for 68 hr; the 

blue trace had no Ag2S, exposed in 90% RH, with 5.5 ppm O3, for 68 hr. 
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Figure F.90 XPS scans of lab generated samples. (A) Ag 3d, (B) C 1s, (C) Cl 2p, (D) O 

1s, (E) S 2p. The black trace had Ag2S deposited for 1 sec, exposed in 0% RH, with 0.63 

ppm O3, for 38 hr; the red trace had Ag2S deposited for 1 sec, exposed in 90% RH, with 

0.63 ppm O3, for 22 hr; the green trace had Ag2S deposited for 15 sec, exposed in 90% 

RH, with 5.5 ppm O3, for 68 hr; the blue trace had no Ag2S, exposed in 90% RH, with 

5.5 ppm O3, for 68 hr. 

  

376 372 368 364
0

1

2

3

4

5

6

7

8

 

 

C
P

S
 x

1
0

4

Binding Energy (eV)

292 288 284 280

8

16

24

 

 

C
P

S
 x

1
0

2

Binding Energy (eV)

204 200 196

8

12

16

20

 

 

C
P

S
 x

1
0

2

Binding Energy (eV)

536 532 528

4

6

8

10

 

 

C
P

S
 x

1
0

3

Binding Energy (eV)

172 168 164 160

1

2

3

4 (E)

(D)(C)

(B)(A)

 

 
C

P
S

 x
1
0

3

Binding Energy (eV)



 

225 

 

 

 

Appendix G: AIRMAP Data 

 

Figure G.1 AIRMAP Na
+
 data from Fort Constitution & Thompson Farm.

170,174
 The 

solid black circles are data from Fort Constitution and the open red circles are the data 

from Thompson Farm. Samples were taken every 24 hours. 
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Figure G.2 AIRMAP Mg
2+

 data from Fort Constitution & Thompson Farm.
170,174

 The 

solid black circles are data from Fort Constitution and the open red circles are the data 

from Thompson Farm. Samples were taken every 24 hours. 
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Figure G.3 AIRMAP SO4
2-

 data from Fort Constitution & Thompson Farm.
170,174

 The 

solid black circles are data from Fort Constitution and the open red circles are the data 

from Thompson Farm. Samples were taken every 24 hours. 

12/30/1999 9/30/2000 6/30/2001 3/30/2002 12/30/2002 9/30/2003

0

1

2

3

4

5

6
 Fort Constitution, marine

 Thompson Farm, inland

S
O

4

2
-  (

p
p

b
)



 

228 

 

 

Figure G.4 AIRMAP Cl
-
 data from Fort Constitution & Thompson Farm.

170,174
 The solid 

black circles are data from Fort Constitution and the open red circles are the data from 

Thompson Farm. Samples were taken every 24 hours. One data point from FC at 8.8 ppb 

is not shown. 
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Figure G.5 AIRMAP K
+
 data from Fort Constitution & Thompson Farm.

170,174
 The solid 

black circles are data from Fort Constitution and the open red circles are the data from 

Thompson Farm. Samples were taken every 24 hours. 
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Figure G.6 AIRMAP Ca
2+

 data from Fort Constitution & Thompson Farm.
170,174

 The 

solid black circles are data from Fort Constitution and the open red circles are the data 

from Thompson Farm. Samples were taken every 24 hours. 
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