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Abstract 

Iron plays a vital role in natural processes such as water, mineral, iron, and nutrient cycles. Iron 
undergoes reduction-oxidation and catalytic reactions to produce various corrosion films 

depending on its chemical environment. Near ambient pressure X-ray photoelectron spectroscopy, 
polarized modulated infrared reflection absorption spectroscopy, and Auger electron spectroscopy 
were used to study the key reactants, from O2(g), H2O vapor, and Na+ and Cl- on the initial stages 
of iron surface corrosion. With increasing the ratio of O2 and H2O, surface hydrocarbons were 
shown to oxidize into carbonates, while the Cl- were found to migrate into the interface. The effect 
of each individual reactant was measured separately and water was shown to have a first order rate 
dependence on the carbonate growth at low pressures, with little dependence for O2. Near ambient 
pressures, both H2O and O2 were found in increase the carbonate growth, which was estimated 
using the Langmuir isotherm model, yielding Gibbs energies between -9.8 to -8.5 kJ/mol. A 
mechanism is suggested to explain the oxidation is catalyzed by NaCl on iron surfaces and the 
adventitious hydrocarbons served as the source for surface carbonation. These findings have 
implications for understanding other surface catalytic and redox interface chemistry in complex 
environments. 

1 Present address: Ford Motor Company; Manufacturing Research Dept., Ford Research and Advanced Engineering; 
Research and Innovation Center; 2101 Village Road, Room 1323, MD 3135 Dearborn, MI 48121 USA 

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0169433222031245
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1.0 Introduction 

The deterioration of metals due to the interaction with their environment is known as corrosion. 
Metallic iron (Fe) is the primary element in the composition of steel and has been used for 
industrial and technological purposes since the prehistoric era, due to its high natural abundance, 
good processability, high strength, and easy extractability. Although Fe delivers many advantages 
in terms of industrial and technological applications, its main drawback is the corrosion from 
environmental factors.[1] The corrosion of Fe causes severe deteriorations in automobiles, ship 
hulls, bridges, machine tools[2], structural components of buildings, and water pipelines causing 
safety concerns.[3] [4] Aside from corrosion, iron performs a vital role in nature through mineral 

cycling of Fe in the natural environment in soils, atmospheric dust[5] [6], and geological 
mineralization.[7] In these natural conditions, iron undergoes reduction and oxidation (redox) 
reactions[8] affecting pollutant degradation[9],  delivering nutrients to plants, and mineral film 
growth.[10] 

Corrosion challenges involve multiple length scales, from the micrometer level down to the 
nanoscale.[11] Electrochemical methods have been used to measure electron transfer processes at 
liquid/solid interfaces, but are unable to directly measure the state of the surface during the redox 
reactions. Previous studies use methods to measure the rate of corrosion[12] [13] [14] and 
composition of corrosion products.[15] [16] [17] However in liquid environments, where 
environmental conditions (from aquatic marine water, salty air, high temperature steel corrosion, 
oil drilling pipeline corrosion) are complex due to simultaneous presence of the ions, dissolved 
organic matter, microbes, and gases that react with the surface that is undergoing dynamic redox 
reactions.[18] To study the initial stages of iron corrosion, the physical and chemical changes can 
be measured using surface analysis at the nano and molecular scale to provide a detailed 

description at the fundamental level. [11, 19, 20] [21]  

In the chemical process of Fe corrosion, metallic Fe is oxidized to Fe2+ serving as the anode and 
H2O and O2 react to form OH- ions driving the reduction reaction serving as the cathode, forming 
surface adsorbed and dissolved Fe(OH)2 (equation 2). This process occurs at any aqueous 

electrolyte(liquid)/Fe interface. Fe(OH)2 can be further oxidized into Fe2O3 as a result of exposure 
to atmospheric O2(g), as shown in equation 3.[22] 

                                                  Fe��(aq) + 2OH�(��) → Fe(OH)�(�)     (1) 

                                               2Fe(s) + 2H�O(�) + O� (g) → 2Fe(OH)�(�)     (2) 

                    4Fe(OH)�(�) +  O�(�) →  2Fe�O�(�) +  4H�O(�)    (3) 

Also, under ambient conditions, atmospheric CO2 can react with both Fe(OH)2 and Fe2O3 to form 
FeCO3 (siderite) as a secondary corrosion product at neutral and alkaline environment.[23]   Also, 
it could lead to the formation of a mixture of Fe carbonate and hydroxide known as iron 
hydroxycarbonates.[24]     

                                          Fe�O�(�) +  Fe(s) +  3CO�(g) →  3FeCO�(�)     (4) 

                  Fe(OH)�(�) +  CO�(g) →  FeCO�(�) +  H�O(�)     (5) 
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Our group has found that in aqueous solution, iron corrosion at the air/NaCl(aq)/Fe interface 
produces carbonate films from the adsorption of atmospheric CO2 and O2 using surface sensitive 
spectroscopic and microscopic techniques.[23] [18] Polarized modulated infrared reflection 
absorption spectroscopy (PM-IRRAS) was used to measure the influence of the electrolyte 
(NaCl(aq) or HCl(aq)) on the formation of mineral films.[23] The NaCl(aq) electrolyte provides 
an ion rich (Na+ and Cl-) and a semi-neutral environment to the air/liquid/Fe interface. The Cl- ions 

are known to initiate the corrosion process through pitting. The electrolyte, NaCl(aq) catalyzes the 
corrosion process forming hydroxylated products at the air/liquid/Fe interface with the aid of 
atmospheric O2(g). Then this hydroxylated interface further reacts with atmospheric CO2(g) to 
produce a surface carbonate film, identified as siderite (FeCO3) at the interface.[18, 23] The rate 
of corrosion and the composition of the surface species depends upon the chemical environment 
of the Fe.[25] For instance, lepidocrocite (γ-FeOOH) is the main corrosion product under an acidic 
(low pH) environment and a mixture of siderite (FeCO3) and lepidocrocite are produced under a 
semi-neutral pH chemical environment.[23]  

In this study, a surface science approach was used to investigate the initial stages of Fe surface 
corrosion at the gas/solid interface under controlled exposure of essential reactants of Fe corrosion, 
O2 gas, H2O vapor, and ions. As corrosion is an electrochemical redox process, where the iron 
surface serves as the anode driving the anodic oxidation reaction, while water and O2 drives the 
cathodic reduction reaction. This study utilized two separate experiments to study the effect of the 
reactants, H2O and O2, on the corrosion of iron in the presence of NaCl. The first part varies the 

ratios of O2 and H2O pressures of iron with NaCl to measure the surface species and oxidation 
states at the gas/solid interface using near ambient pressure X-ray photoelectron spectroscopy 
(NAP-XPS). The second experiment separated the H2O and O2 reactants to measure the effect of 
each on the surface carbonation using in situ PM-IRRAS and Auger electron spectroscopy (AES). 
This investigation measured the synergistic effect of water and oxygen on the oxidation 
mechanism leading to corrosion. The composition of surface and a proposed mechanism is 
presented for the formation of carbonate films through surface oxidation processes.   

2.0 Experimental materials and methods 

2.1 Sample preparation 

An Fe foil (Iron II, 99.99%, Allied Metal Corp.) sample was polished as described previously to 
obtain a mirror finish.[23] The sample was machined to a size of 1 cm × 1 cm. Both sides of the 
sample were polished with using sandpaper with grit sizes 400, 600, 800 and 1200 at Michigan 
Technological University. The final stage of polishing was completed by using polishing pads with 
0.05 μm colloidal silica suspension to get a mirror finish. The polished sample was cleaned with 
Micrell soap water, rinsed in nanopure water, sonicated in ethanol, and dried in air.[23] 

2.2 NAP-XPS analysis: The NAP-XPS experiments were conducted at beamline 9.3.2 end station 
at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory (LBNL). The 
polished Fe sample was first mounted to a sample holder using carbon tape and copper clips with 
a thermocouple underneath the sample. The Fe surface loaded into a vacuum chamber and 
transferred into a process chamber equipped with an ion gun for Argon sputtering. The sample was 
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Ar+ sputtered under 1.5 keV and 15 mA current at 1×10-5 torr pressure for 40 minutes. These 
conditions were found to remove carbon from iron oxide surfaces.[26, 27] Next the sample was 
removed and placed in a glove box filled with nitrogen. A droplet of 10 mM NaCl(aq) was placed 
on the Fe sample and dried until a white film was observed, as shown in Figure 1A-C. Next the 
sample was placed back into the vacuum chamber, through a nitrogen-filled glove bag, and 
transferred into the analysis chamber with a base pressure of 5x10-9 Torr.  

 

Figure 1: A) The polished Fe sample mounted to the sample holder. B) A droplet of 10 mM NaCl 
was C) dried on the sample in a nitrogen glove box. D) The spot on the Fe sample placed in front 
of the analyzer aperture in the AP-XPS analytical chamber 

The sample distance from the analyzer was set to 800 μm. The angle between photon beam and 
the analyzer was 70⁰ while the analyzer was oriented normal to the surface, as shown in Figure 
1D. Therefore, the angle between the polarization vector and photoelectron direction was 20⁰. The 
distance between Si3N4 window and the sample was 10 cm. NAP-XPS spectra of the C 1s (hν = 
535 eV), O 1s (hν = 780 eV), Cl 2p (hν = 448 eV), and Na 2s (hν = 314 eV) regions were collected 
at a kinetic energy of 250 eV. The Fe 2p (hν = 850 eV) region was collected at a kinetic energy of 
140 eV. The flux was estimated from the beam current, Iₒ at each photon energy.   

The NAP-XPS of the C 1s, O 1s, Na 2s, Cl 2p, and Fe 2p regions were collected on the dried NaCl 
spot and a spot of the clean Fe surface with no NaCl. To assess the effect of the key reactants of 
H2O and O2 on the iron surface oxidation, different partial pressures were co-dosed to expose the 
sample to different ratios of H2O and O2. The stoichiometric ratio between H2O and O2 is 2:1, as 
shown in equation 2. Therefore, when the NAP-XPS experiment was being conducted, the water 
pressure was maintained inside the analytical chamber at 100 mTorr and gradually increased the 
O2 pressure. According to equation 2, at optimum stoichiometric ratio (2:1), the H2O and O2 
pressures are 100 mTorr (H2O):50 mTorr O2. Because all the NAP-XPS experiments were 
conducted at isothermal (T = 298.15 K) conditions, it is assumed that pressure ratios of gasses 
represent their molar ratios. Also the pressure of O2(g) was further increased until the pressure 
ratio became 1:1 for H2O and O2 to study whether further changes occurred on the surface. This 
allowed for monitoring the initial stages of Fe oxidation at gas/Fe interface. 

The spectra were collected on the dried NaCl spot in two stages. Stage 1: variation of O2 pressure 
at constant pressure of 100 mTorr of water vapor i) the initial spectra in ultra-high vacuum (UHV) 
conditions, ii) 100 mTorr H2O pressure, iii) 10 mTorr O2 pressure and 100 mTorr H2O constant 
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pressure, iv) 50 mTorr O2 pressure and 100 mTorr H2O constant pressure, v) 100 mTorr O2 pressure 
and 100 mTorr H2O constant pressure and, vi) UHV conditions. Stage 2 was collected by variable 
dosing of O2 pressure with no water vapor: i) in UHV, ii) 10 mTorr of O2 pressure, iii) 50 mTorr 
of O2 pressure, iv) 100 mTorr of O2 pressure and, v) the final spectrum in UHV conditions. 

2.3 NAP-XPS Data analysis:  The high-resolution spectra of each region were fitted into different 
chemical species using CasaXPS software applying the Shirley background and a 100% Gaussian 
line shape. To compare the elemental ratio and changes in chemical species on the NaCl spot on 
Fe as a function of O2 and H2O pressure, areas of each chemical species found in each XPS region 
were corrected using normalization factors. The normalization factors (Nf) were calculated for 

each XPS region separately using the relationship; Nf = Transmission × Flux × cross sectional 
factor defined in Yeh and Lindau.[28] The transmission of photoelectrons were extrapolated within 
10 – 900 eV photon energy according to each pressures of O2 and H2O using the gas transmission 
database of the center for X-Ray optics at Lawrence Berkeley National Laboratory's (LBNL) 
materials sciences division.[29] The flux of the photon beam at each photon energy were 
extrapolated using the flux-photon energy. The cross sectional factor for each orbital were 
calculated using the atomic subshell photoionization cross sections and asymmetry 
parameters.[28] The photo ionization cross sections and asymmetry parameter, β, were used from 
the published tables from the Elettra and Fermi light sources as a function of photon energy. The 
angle between polarization vector and photoelectron direction, γ was set at 20⁰. All the XPS fitted 
peak areas were corrected by dividing the normalization factors for each high-resolution region. 

All the areas were then normalized to the area of total Fe 2p area to obtain the relative elemental 
ratio of the species on the surface at different experimental conditions. For the simplification, the 
analyzer transmission function was assumed to be a constant, as spectra were collected at the same 
250 eV kinetic energy. The Fe 2p region was collected at 140 eV KE, due to the limited photon 
energy range at beamline 9.3.2.  

2.4 Ex situ XPS analysis: After the NAP-XPS experiments, the sample was reanalyzed using 
laboratory-based XPS instrument (PHI 5800 XPS instrument, Perkin Elmer, Physical Electronics 
model) at Michigan Technological University ACMAL facilities to investigate the post oxidation 
on metallic Fe, after two days of exposure to atmospheric air. The spot with the NaCl droplet and 
the clean iron area were scanned to assess the C 1s, O 1s, Na 2s, Cl 2p and Fe 2p regions.  A Mg 
anode operated at 1253.6 eV photon energy at 15 kV and 400 W, with a 800 μm diameter spot size. 
Survey spectra were collected using a pass energy of 187.85 eV, step voltage of 0.8 eV, and a 
dwell time of 20 ms/step. The high-resolution spectra of the C 1s, O 1s, Na 2s, Cl 2p and Fe 2p 
regions were collected using a pass energy of 23.50 eV, step voltage of 0.1 eV, and a dwell time 

of 100 ms/step. The peak deconvolution of high-resolution spectra was performed using CasaXPS 
software applying Shirley background and 100% Gaussian line shape.  

2.5 Polarized modulated-infrared reflection absorption spectroscopy (PM-IRRAS) 

experiments 

Sample cleaning, PM-IRRAS, and AES were performed in custom-designed surface analysis 
chamber with a base pressure of 1x10-9 Torr, in the Perrine research lab at Michigan Technological 
University. A separate Fe sample was polished and cleaned, as described above. The sample was 
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mounted to a custom-designed sample holder constructed with copper connectors, held in place 
between two Tungsten wires, used as a resistive heater, and secured with tantalum foil clips. A K-
type thermocouple was tightly sandwiched between the iron sample and a graphite sample (used 
as a backing material). The copper sample holder was secured to a motorized xyz manipulator 
(McAllister Technical Services) with a 500 mm z-travel distance and a differentially pumped 360 
° rotary platform. 

The Fe sample was sputtered with argon gas (99.999% purity, American Welding and Gas) at a 
pressure of 5x10-5 Torr at 1 keV for 30-45 minutes using an ion gun (IG2, RBD Instruments) at an 
angle of 54 degrees with respect to the surface plane. After sputtering, the sample was annealed at 

500°C for 10 minutes at a base pressure of 2 x10-9 Torr. The surface elemental composition and 
cleanliness were measured using Auger electron spectroscopy. Next, the sample was moved to a 
reactor chamber (custom design, Kimball Physics), mounted with ZnSe windows for PM-IRRAS 
measurements. A ThermoScientific iS50R FTIR instrument was used to produce a broadband 
infrared light with KBr windows and a KBr beamsplitter. The light exited the bench instrument, 
reflected off of a flat aluminum mirror, an aluminum parabolic mirror, through a photoelastic 
modulator (PEM, Hinds, Inc.) with a ZnSe coating, and focused onto the mounted Fe sample inside 
the UHV surface analysis chamber. After a single reflection, the reflected light was refocused onto 
a MCTA detector that was cooled with liquid nitrogen. PM-IRRAS measurements were collected 
at a grazing angle of 82 degrees using 1000 scans, 4.0 cm-1 resolution, gain of 8.0, which produced 
a p/p interferogram signal of 2.34-2.40.  

First, water vapor (nanopure water) was dosed through a variable leak valve in units of Langmuirs 
(1L = 1x10-6 Torr∙ second) of exposures of 0.5, 1.0, 10, 88.5, 900 L. Next, oxygen gas (99.999%, 
American Welding and Gas) was exposed to the sample in the same exposures as the water vapor. 

PM-IRRAS spectra were collected after each vapor or gas exposure. No apparent reflection modes 
were observed in the PM-IRRAS spectra. Afterwards, the sample was Ar+ sputtered and annealed 
prior to removing the sample through a load lock chamber, at a base pressure of 2x10-8 Torr. The 
sample, still mounted on the removable sample holder, was placed in a plastic bag backfilled with 
a positive pressure of nitrogen gas (99.999%, American Welding and Gas). A 10 mM droplet of 
NaCl(aq) was placed on the sample and allowed to dry in the nitrogen-filled glove bag. After the 
droplet was dried, the sample holder was transferred through the glove bag into the load lock 
chamber and pumped for 2.5 hours to a pressure of 5x10-7 Torr, to minimize exposure to ambient 
air to prevent surface oxidation. The sample was then transferred to the main chamber, base 
pressure of 1.7x10-9 Torr. AES was immediately collected on the sample at three different spots.  

The sample was then moved to the reactor chamber for PM-IRRAS measurements, first exposing 
it to H2O vapor with increasing exposures (in units of Langmuirs): 0.5, 1.0, 10, 88.5, 900 L and 
then the same exposures for O2. Next, the reactor was isolated from the main chamber using a 
UHV gate valve (VAT). O2 gas was exposed to the sample through the leak valve to near ambient 

pressures (10s of millitorr) as measured using a Baratron vacuum gauge. The pressure in the reactor 
was throttled through a 2nd gate valve (VAT) through a hybrid turbomolecular pump (Pfeiffer, 
Inc.).  
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The PM-IRRAS data was baseline corrected by subtracting the initial spectrum after the exposure 
to the 10 mM NaCl droplet from all the subsequent spectra. The peak area of the carbonate 
stretching mode (νCO3) was integrated and plotted as a function of Langmuirs. A first order 
kinetics equation was used to fit the data and the Langmuir adsorption isotherm model was used 
to fit the near ambient pressure XPS data. 

2.6 Auger electron spectroscopy (AES) measurements 

A mini-cylindrical mirror analyzer (mini-CMA) oriented 90 degrees from a low energy electron 
diffraction (LEED) (LK Technologies, Inc.). The LEED instrument is equipped with an electron 
gun, where the gun energy was set at 1.5 keV for AES measurements. The CMA distance is 
adjustable and was within 0.5 inch from the sample. The sample was oriented at 19 degrees with 
respect to the CMA analyzer to eject electrons into the CMA detector. AES spectra was collected 
at a scan rate of 1.0 V/channel, 0.1 seconds/channel with 3-5 sweeps. Three separate spots were 
analyzed between sputtering and annealing cycles, and after PM-IRRAS experiments to check for 

reproducibility. 

 

3.0 Results and discussion 

3.1 NAP-XPS in H2O vapor and O2 gas 

The collection of in situ NAP-XPS spectra of the gas/solid interface on the NaCl spot deposited 
on the iron surface was conducted in two stages. In the first stage, O2 pressure was increased from 
0 mTorr to 100 mTorr stepwise, while holding the H2O pressure inside the analytical chamber at 
a constant pressure of 100 mTorr. XPS spectra were collected at every pressure until a O2:H2O 
ratio of 1:1 was achieved. This was to measure the effect of the stoichiometric ratio of O2 and H2O, 
two of the key reactants in the first two redox steps of the corrosion reaction on iron, as shown in 
equation 2.  The O2(g) pressure was gradually increased at a constant water vapor pressure and 
increased the O2(g) pressure until the system roughly reached a 1:2 ratio and further increased the 
O2(g) to check whether further changes occurred at a 1:1 ratio. The NAP-XPS spectra of C 1s, O 
1s, Na 2s, Cl 2p and Fe 2p regions were collected on the NaCl spot dried on the iron surface in 

comparison to the clean iron surface without NaCl.  

The NAP-XPS spectra of the fitted C 1s, O 1s and Cl 2p regions are shown in Figure 2A-C. The 
initial spectra for each region are shown in the supplemental information in Figure S4. The O 1s 

region of the NaCl spot shows a peak at 529.2 eV in Figure 2A, which can be assigned to oxidized 
iron (Fe-O). A second peak at 531.8 eV represents various types of surface species that overlap at 
the same binding energy: both surface hydroxyl species, from the hydroxides (Fe(OH)2), 
oxyhydroxides (FeOOH), and carbonates (Fe-OH/CO3). This peak area  is larger in the NAP-XPS 
experiments owing to its high surface sensitivity. These binding energies are close to each other 
and it is difficult to resolve peaks for each species.[30] The intensity of the peak at 531.8 eV is 
also observed to gradually increase as O2 pressure increases at a constant H2O vapor pressure of 
100 mTorr. This suggests that both hydroxylation of the iron surface and carbonation increases as 
the H2O:O2 ratio increases. After the complete evacuation of O2(g) and water and regenerating the 
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vacuum, the intensity of Fe-OH/CO3 peak at 531.5 eV in the O 1s region remains at the highest 
value, indicating the Fe-OH/CO3 species is stable and that the surface is oxidized.  

 

Figure 2: The O 1s, C 1s and Cl 2p regions of the Fe surface with dried NaCl. As O2 pressure 
increases from 0 to 100 mTorr at 100 mTorr constant H2O pressure, adventitious carbon decreases 
and surface CO3 increases, and Fe-OH are formed. The Cl- intensities decrease with increasing O2 
pressure. 
 

In the C 1s region in Figure 2B, there are four peaks on the spot of the dried NaCl droplet resulting 
from minor contaminants from either the 10 mM NaCl(aq) solution or minor exposure to pumping 
gases during the sample transfer into the UHV analysis instrument: 284.6 eV (adventitious C), 
285.8 eV (C-O), 287.8 eV (C=O), 288.5 eV (CO3), and 290.2 eV (HCO3). The intensity of the 
adventitious carbon peak is shown to decrease, at the same time, the intensity of the carbonate 
peak at 289.0 eV gradually increases. This observation indicates that the adventitious carbon on 

iron (NaCl spot) is oxidized and transformed into surface carbonate species (CO3 and HCO3). At 
the initial UHV condition at a pressure of 3.1 × 10-9 Torr, there was only a small amount of residual 
carbonate, and no bicarbonates present on the surface. This suggests that adventitious carbon on 
the iron surface (which are mainly found on any surface as hydrocarbon contaminants) are oxidized 
in O2 and correlates with the increase in surface CO3 and HCO3.  

The Cl 2p region in Figure 2C panel shows both the Cl 2p3/2 and Cl 2p1/2 peaks with a primary 
binding energy of the Cl 2p3/2

 peak between 198.3-198.6 eV, assigned to the Cl-Na species. The 
Cl 2p peak intensities were observed to decrease when the O2 gas pressure increased at constant 
H2O pressure of 100 mTorr. It is known that the Cl- penetrates into the native oxide layer pitting 
the Fe surface during the initial stages of corrosion.[31] [32] This suggests that the decrease of the 
intensity of Cl 2p region may due to the adsorption of the Cl- anions from the NaCl spot into the 
underlying surface. A second peak was observed at binding energies between 192.1-192.5 eV, as 
shown in supplemental figures S1 and S4. Its origin is likely due to boron impurity on the iron 
surface. With increasing O2 exposures, the boron oxide peak area also increases and remains stable 

after the chamber is returned to UHV pressures. 
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Stage 2 of the experiment was carried out with increasing O2 gas pressure and no exposure to H2O 
vapor (0 mTorr). The NAP-XPS spectra and fittings of the C 1s, O 1s and Cl 2p regions are shown 
in Figure 3. No significant new changes are observed of either surface composition or 
concentration, after the exposures of H2O and O2 from stage 1. In the C 1s region, there is a slight 
decrease in the adventitious carbon (C-H) peak area at 284.6 eV and a slight increment in the 
carbonate and bicarbonate peaks at 289.0 eV and 290.9 eV, respectively as the O2 pressure 

increases. This suggests that oxidation occurs slowly on the surface or simply due to the oxidation 
of adventitious C into carbonates which only requires O2 gas. Similarly, there is little change in 
the amount of the chemical species in the O 1s and Cl 2p regions. There could be two possible 
reasons for this observation. First, one of the essential reactants of corrosion, H2O, is absent as the 
reactant, which was not dosed in the stage 2. Secondly, surface oxidation in corrosion is 
irreversible and may explain the lack of changes resulting from stage 1 is irreversible. If the 
corrosion of the NaCl spot is completed, there would only be a slight further oxidation. The reason 
is, there may be a thin adsorbed H2O layer on the NaCl spot on the iron surface from the stage 1 
of the corrosion experiment. Even though, at UHV conditions (3.1 × 10-9 Torr) the UHV conditions 
were regenerated before starting stage 2, it is difficult to completely remove the adsorbed H2O 

layer. Therefore, the adsorbed thin H2O layer may contribute to the slow oxidation on the surface. 

 

 

Figure 3: The O 1s, C 1s and Cl 2p regions of the Fe surface with dried NaCl. As O2 pressure 
increases from 0 to 100 mTorr, the peak area intensities for the surface remain the same Further 
surface oxidation and adsorption are minimized without the presence of water vapor. 

 

The Cl 2p region shows no significant shifts in binding energies as O2 pressure increases from 10 
mTorr to 100 mTorr at 0 mTorr of H2O vapor. Although the Cl 2p intensity appears to increase 

slightly, no other changes were observed. This suggests that the same amount of Cl- ions exist on 
the surface of iron (NaCl spot) when O2 pressure increases alone with no H2O dosing into the 
system. This observation is different to what was observed in the stage 1 of the corrosion 
experiment where both O2 and H2O were available, the Cl 2p intensities decrease. The boron oxide 
peak at 192.3 eV remains at the same concentration during exposure to only O2. 
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The Fe 2p and Na 2s regions were also assessed along with the C 1s, O 1s, and Cl 2p regions. The 
presence of Fe2+ was observed in the Fe2p3/2 region at 710 eV with iron oxide species at 713.4-714 
eV. The Na 2s binding energy was observed between 63.2-63.6 eV and assigned to the Na-Cl 
species from the NaCl dried salt on the iron surface. No additional changes were observed in either 
stage 1 or stage 2 of H2O and O2 exposures suggesting that only the top layers of the surface are 
affected in the O 1s, C 1s, and Cl 2p regions. Details and spectra for the Fe 2p and Na 2s are given 
in Figures S1 and S2 in the supporting information, respectively. 

3.2 Ex situ XPS analysis 

The same Fe sample was re-analyzed using ex situ XPS to assess the effect of (2 days) exposure 
of ambient conditions after the in situ NAP-XPS to measure the stability of the carbonate species. 
Details of the scanning parameters are described in the experimental methods section. The spectra 
from the O 1s, C 1s, Cl 2p, Fe 2p, and Na 2s regions are given in the supporting information section 
in comparison to the initial Fe surface prior to H2O and O2 exposures from the NAP-XPS 
experiments in Figure S2-S4 in the SI section.  

To give a summary, after exposure to ambient conditions for two days, the largest species present 
in the C 1s region was adventitious carbon. The CO3 and HCO3 species, produced from the NAP-
XPS experiments, are still present as well as the FeOH/FeCO3 species in the O1s region. Because 
the adventitious carbon has been deposited on the surface, CO3 and HCO3 species have become 
minor components on the sample surface relative to adventitious carbon peak intensity. Also, the 
ex situ XPS analysis confirmed the final products of iron corrosion as iron oxides and carbonates, 
confirming their stability on the surface. The intensities from the adsorbed Cl- species decreased 
in the Cl 2p region and the boron oxide peak at 191.5 eV is not observed in the ex situ XPS analysis 
(see Figure S4). The peak area decreased significantly and the minor peak area present at 190.7 
eV has been observed previously in our other samples exposed to metal chloride salt solutions 
(unpublished). This peak area in the ex situ XPS is attributed to X-ray satellites originating from 
non-monochromatic sources from non-principle photons. In the NAP-XPS experiments, the 
presence of boron oxide was measured on the bare iron surface with no NaCl and is from the minor 
impurity, intrinsic to the iron substrate. Since it is only present in the NAP-XPS experiments, this 
suggests that the boron oxide becomes apparent near the top layers of the surface. Further details 
of the ex situ XPS spectra are given in the SI section. 

3.3 Area calculations of different photo spectroscopic regions 

To further understand the initial stages of surface corrosion, the peak areas of select surface species 
were normalized to the Fe 2p total peak area to obtain the elemental peak area ratios and plotted 
as a function of O2 gas pressure. Figures 4 and 5A show the peak area ratios of chemical species 
from the C1s and O1s regions and the Cl 2p region, respectively of the NAP-XPS spectra for both 
stage 1 and stage 2 of the corrosion experiment. 

Figure 4A shows a decrease in the adventitious carbon and Figure 4B shows a corollary increase 
in surface carbonates with increasing O2 gas pressure at a constant 100 mTorr of H2O vapor (red 
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squares). After the pressure is returned to UHV conditions (filled in red squares), the adventitious 
carbon remains low on the surface and surface adsorbed carbonate has increased. This suggests 
that the adventitious carbon on the iron surface is oxidized in H2O and O2 to form surface carbonate 
as one of the corrosion products. In comparison to the clean Fe spot with no NaCl (black triangles), 
the adventitious carbon and surface carbonates remain at similar ratios. A similar trend is observed 
in Figures 4C-D that compare the total O1s peak area/Fe2p area ratio and the O1s 

(FeOH/FeCO3)/Fe 2p ratio, where the surface is clearly oxidized in the presence of O2 and H2O 
on the Fe surface with the NaCl resulting in the formation of adsorbed carbonates (red squares) 
compared to the clean Fe surface (black triangles).  

In stage 2, where there was no partial pressure of H2O present during O2 exposure, no change in 
adventitious carbon or surface carbonates are observed (blue circles). This may be due to the fact 
that the NaCl spot was used for stage 1 and the surface of NaCl spot already had a significant 
amount of corrosion products, where the oxidation is irreversible. If that spot is already saturated 
with carbonates or if most of the adventitious carbons were already oxidized into carbonates, no 
change in the peak area ratios is expected. Also, H2O was not dosed in the stage 2, which is an 
essential reactant for iron corrosion. However, the fact that the surface is still slowly oxidizing 
may be attributed to the fact that the NaCl spot contains a thin layer of trapped H2O allowing for 
slow oxidation to continue. The corollary peak area ratios from the ex situ XPS experiment are 
shown for comparison (green pentagons). These show that the adventitious carbon remains low, 
albeit with a beam energy of 1253.6 eV (KE = 530 eV for the O1s region) from the Mg anode that 

probes much deeper (> 3-5 nm) compared to the < 1.2 nm 250 eV kinetic energy from the NAP-
XPS experiments. These results suggest the adsorbed carbonates remain stable on the surface after 
ambient air exposure of H2O and O2. 
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Figure 4: Variation of normalized areas of adventitious and carbonate peaks of C 1s regions as a 
function of O2 gas pressure in stage 1 and stage 2 of NAP-XPS corrosion experiment. Markers: 
red squares stage 1 dosing both O2 and H2O, blue circles – stage 2 dosing only O2, black triangles 
– stage 1 on polished iron with no NaCl, green pentagons – ex situ XPS after 2 days of air exposure, 
filled in markers are the data after returning the pressures to UHV pressures. 

We can also account for other sources of carbonates that may or may not be contributing to the 
growth of surface carbonates. The adventitious carbon on iron at the initial UHV conditions is less 
than the amount of adventitious carbon detected at 0 mTorr of O2/100 mTorr water and 10 mTorr 
of O2/100 mTorr of water. This may be due to the residual hydrocarbons in gas phase that was 

present during the initial doses of water from the gas lines and are adsorbed on the surface.[33] 
Mass spectrometry data, shown in Figure S5 in the SI section, collected during the NAP-XPS 
experiment show little presence of CO or CO2 during near ambient pressure exposures. 
Additionally, as the O2 pressure increases, the amount of adventitious carbon decreases indicating 
that oxidation at the end of the experiment is less. Therefore, the overall amount of adventitious 
carbon has decreased due to oxidation by H2O and O2.  

When the surface hydrocarbons are oxidized and form surface adsorbed carbonate, the process is 
irreversible and when the reaction chamber is returned to UHV conditions, the carbonates on the 
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surface remain constant. Possible errors in the marker at a 1:1 ratio of H2O:O2 compared to the 
marker in UHV conditions (filled in circles) is that surface carbonates may be soluble in the 

adsorbed water layer on the NaCl spot (on iron) forming gas phase CO2 or CO�
��/HCO�

�/H2CO3, 
which may be pumped away along with water when the UHV was regenerated. However, no 
evidence of gas phase carbonates was observed in the mass spectra collected during the 
experiment. This may be why a slight reduction in CO3 ratios at UHV conditions is observed.  

The behavior of Na+ and Cl- ions on the NaCl spot was also assessed using the Cl 2p and Na 2s 
regions. The Cl 2p/Fe 2p and the Cl 2p/Na 2s elemental ratios were calculated and plotted as a 
function of O2 gas pressure for both stage 1 and stage 2, shown in Figure 5A and 5B, respectively. 
Figure 5A shows that the relative Cl- concentration decreases with increasing O2 pressure at a 
constant 100 mTorr of H2O vapor (red squares). After returning the pressure to UHV conditions 
(filled in red squares), the relative Cl- concentration remains the same. However, small shifts in 
binding energy were observed, shown in Figure 2C or 3C suggesting that slight changes in the 

chemical environment of the Cl- anion and Na+ cation were produced (shown in Figure S6 in the 
supporting information). The clean Fe surface with no NaCl (black triangles) is shown as the 
control experiment, as expected. According to Figure 5B, the Cl-/Na+ ratio gradually decreases as 
the O2 pressure increased at constant H2O vapor pressure (red squares). This indicates that the 
amount of Cl- on the surface is decreasing relative to the amount of Na+ on the surface. Initially, 
the amount of Cl- and Na+ remain the same stoichiometry of 1:1 in NaCl, as shown as the initial 
data point and in the ex situ XPS data (green pentagons). But when the O2 pressure is increased 
from 10 mTorr to 100 mTorr, the Cl-/Na+ ratio decreased from a ratio of 1.2 to 0.2, indicating that 
the amount of Cl- has decreased on the surface by five times. The ratio remains constant after 
regenerating the UHV (filled in red squares). In stage 2, with no water vapor (blue circles), the 

relative Cl- concentration remains low showing that the change is irreversible, as the Cl-/Na+ ratio 
does not undergo a significant change throughout the gas phase oxidation. These observations 
indicate that Cl- ions move away from the surface but Na+ remain on the surface when water is 
present (stage 1). However only when O2 is present (stage 2), Cl- ions ratio remains constant 
suggesting the requirement of H2O for the Cl- subsurface migration process (blue circles). For 
comparison, the ex situ XPS analysis (green pentagons) show that the Cl- ions remain low, however 
because the penetration depth is much deeper, the Cl/Na peak area appears at the original 1:1 ratio. 

The Cl 2p3/2 and Na 2s binding energies undergo small changes, up to +/- 0.4 eV from the exposure 
to oxygen and water vapor as shown in the Supporting Information in Figure S6. The Cl- ion is 
already at a higher binding energy at 199.0 eV in the solution after it is applied to the iron surface 
prior to NAP-XPS and PM-IRRAS experiments. This is likely due to the interaction with the iron 
surface, as previously observed.[18] Upon exposure to water vapor and increasing O2 the binding 
energy decreases by 0.4 eV, suggesting the Cl- ion becomes hydrated or changes in the surface 
alter the Cl- chemical environment. A similar trend is observed for the Na 2s binding energies, 
beginning at 64.0 eV and shifting lower by 0.76 eV. These small shifts in the binding energy should 
be interpreted with caution and may be due to a difference of charge correction, as these shifts are 
less than the energy resolution, < 0.50 eV. Further details of the binding energy shifts are given 
the Supporting Information. 



15 

 

The peak area analysis conveys that H2O is required for separation of Na+ and Cl- in NaCl and the 
penetration or adsorption of Cl- ions into the iron surface. We believe that H2O is required to 
rehydrate the NaCl at which Na+ ions and Cl- ions are separated and obtain some mobility. Then 
as the O2 pressure increases, Cl- ions moves away from the analysis region and either adsorbs on 
iron surface or penetrates into the native oxide/iron surface. This resembles the physical 
mechanism of Cl- ions, where Cl- initiates corrosion by pitting into the native oxide layer.[2] 

However, because H2O is not available in the stage 2 of corrosion experiment, NaCl becomes 
dehydrated, and Cl- and Na+ remain at the same ratio. These results suggest a synergistic effect of 
both H2O and O2 on the surface oxidation of hydrocarbons to carbonates. Valence band spectra is 
shown in the supporting information in Figure S10 that reflects changes in the oxidation in the O 
2s and Cl 3p regions. Further studies below detail the individual influence of H2O and O2 on the 
iron surface oxidation. 

 

 

Figure 5: A) Area of the Cl 2p area normalized to Fe 2p and B) Area ratio of Cl-/Na+ of NaCl on 
iron surface as a function of O2 gas pressure. Results suggest the Cl- ions are moving into the 
subsurface region during oxidation in H2O and O2. Markers: red squares stage 1 dosing both O2 
and H2O, blue circles – stage 2 dosing only O2, black triangles – stage 1 on polished iron with no 
NaCl, green pentagons – ex situ XPS after 2 days of air exposure, filled in markers are the data 
after returning the pressures to UHV pressures. 

 

3.4 Assessment of H2O vapor and O2 gas separately on iron oxidation using PM-IRRAS and 

AES 

To investigate the initial stages of Fe surface oxidation in the presence of NaCl, in situ PM-IRRAS 
and Auger electron spectroscopy were used to measure the effect of H2O and O2 separately. First, 
an Fe sample with the dried droplet of 10 mM NaCl was prepared similarly to the sample used in 
the NAP-XPS experiments and then exposed to H2O vapor in UHV, from 0.5 L to 1000 L. A PM-
IRRAS spectrum was collected after every H2O exposure. An Auger spectrum was collected to 
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check the surface chemical composition after the final water adsorption of the experiment. After 
dosing 1000 Langmuirs of water vapor, the sample was subsequently exposed to O2 from 0.5 L to 
1000 L. PM-IRRAS spectra were collected after every exposure. Afterwards, the O2 pressure was 
increased and held at near ambient pressures (NAP) (70 mTorr, 100mTorr, and 120 mTorr) during 
collection of the PM-IRRAS spectra. Each spectrum took 8 minutes to acquire. Auger spectra was 
collected at the end of the experiment to check the final surface composition of the sample.  

Figure 6A shows the 1800 cm-1 to 1000 cm-1 region of the difference PM-IRRAS spectra that were 
collected after each exposure of H2O on the iron sample. A νCO3 vibrational mode is shown to 
grow in at 1460 cm-1 after each H2O exposure. It should be noted that this νCO3 vibrational mode, 

along with reflectance modes at γCO3 at 880 cm-1 and νFe-O at 670 cm-1, were observed in the 
first spectrum. The data shown in Figure 6A is the difference of each spectrum subtracted from 
the initial spectrum, which shows the effect of water on the growth of the νCO3 vibrational mode. 
Although water itself is not an oxidizing agent, the water exposures were shown to increase surface 
CO3 formation, as shown in the inset in Figure 6A. The effect of O2 exposure on the surface 
carbonation was also measured separately, after the water exposure, and results of the PM-IRRAS 
difference spectra are shown in Figure 6B, where the initial spectrum (before the water exposures) 
was subtracted from each spectrum. After O2 exposure, the νCO3 mode at 1460 cm-1 increased 
after O2 exposures past 1000 L, as shown in the inset.  

 

 

Figure 6: PM-IRRAS difference spectra from adsorption experiments of separate H2O and O2 
exposure. A) Exposures (in Langmuirs) of water vapor or O2 to iron with dried NaCl in UHV. The 
inset shows the adsorption for the CO3 formation with H2O exposure. B) Subsequent O2 exposures 
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(in Langmuirs) and near ambient (NAP) pressures (in mTorr O2). The inset shows the linear 
increase of the νCO3 peak area difference as a function of O2 exposure (in Langmuirs). 

 

The inset in Figure 6A shows the growth of the νCO3 vibrational mode that follows a 1st order 
kinetics. Using the νCO3 peak area as coverage (θ) and the exposure (x in Langmuirs) as 
concentration, one can obtain the kinetic rate constant (k) for the formation of adsorbed carbonate 
using the following equation 6 for 1st order kinetics. 

(6)   ln(1 − !) =  −#$ 

This yields a rate constant of 3.92 x10-3 L-1 for water adsorption. The activation energy can be 
obtained by converting the rate in units of L-1 to pressure using the conversion for exposure, where 
1L = 1x10-6 Torr∙s. Assuming a pre-exponential factor 1x1013 s-1, the activation energy is obtained 
as 93.6 kJ/mol for water. The data for O2 exposures was also fit to equation 6, however the poor 
fitting suggested that there is little dependence of O2 on the CO3 growth at small exposures. This 
represents the growth of the carbonates are enhanced from the adsorption of water, but is probably 
catalyzed by the Fe site produced by NaCl corrosion of the surface. However, there are multiple 

steps from the conversion of hydrocarbons to carbonates, and one can only use this as an estimation 
of surface carbonate formation. A mechanism for this reaction is discussed below. 

Upon exposure to near ambient pressures (NAP, from 70 mTorr to 120 mTorr) of O2, where the 
O2 is in equilibrium with the surface, the νCO3 mode continued to grow at a linear rate, as shown 

in Figure S7C. These are compared to the adsorption experiments in the supporting information 
section in Figure S7in the supporting information. The final PM-IRRAS spectrum (UHV) was 
collected after returning the pressures to UHV conditions, below 1x10-8 Torr, showing that the 
carbonates remain on the iron surface.  

These results from the PM-IRRAS experiments are contrasted to stage 1 of the NAP-XPS data, 
where O2 was dosed at 100 mTorr of H2O vapor. The NAP-XPS data was fitted using the Langmuir 
isotherm model, as the gas is in equilibrium with the surface, using the peak area coverage for the 
carbonate species in the C 1s and O 1s regions, shown in Figure S8 in the supporting information. 
To obtain the coverage, the total peak area of the carbonates (sum of the HCO3 and CO3 peak 
areas) were divided by the total C 1s peak area (total amount of carbon to be oxidized) in the initial 
C 1s or O 1s spectra prior to dosing H2O or O2. This resulted in the relative coverage of carbonates 
on the surface and was renormalized to a maximum coverage of 1.0. Both the data in the C 1s and 
O 1s regions showed the carbonates followed a first order adsorption kinetics. From the Langmuir 
adsorption model, the change Gibbs free energy was calculated assuming equilibrium, and was 

found to be -9.79 kJ/mol for the C1s region and -8.45 kJ/mol for the O1s region. Equilibrium 
constants were obtained and found to range between 51.9 for the C 1s region and 30.3 for the O 
1s region. However, these energies are only an estimate of the Gibbs free energy for the synergistic 
effect of O2 with H2O vapor to produce carbonates from surface hydrocarbons. This means that 
the co-adsorption of the key reactants and several elementary steps should be considered for 
oxidation of the adventitious carbon to carbonates. 
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After each set of PM-IRRAS experiments, Auger spectra were collected before and after the H2O 
and O2 exposures, given in Figure 7. Figure 7A, shows the Auger spectrum collected on the clean 
Fe surface before starting the experiment with Fe as the major chemical component. Traces of 
other elements (C, O, and N) from surface contaminants, which can exist on the surface of Fe 
surface in small amount even after sputter cleaning annealing process due to the residual gases in 
the vacuum chamber. The Auger spectrum 7B represents the surface chemical composition of the 

dried NaCl spot deposited on Fe surface before dosing gases. This clearly shows a significant 
decrease in the Fe LVV Auger line and increased amounts of C KLL and O KLL signals on the 
surface. The carbon and oxygen signals may have been introduced onto the surface from the dried 
NaCl droplet from trace amounts of impurities. Other elements that are observed on the surface 
are the Cl LVV and Na KLL Auger lines, which are from the ions. Spectrum 7B of the dried NaCl 
droplet on the Fe surface is compared to spectrum 7C, which shows the spectrum after exposure 
to H2O and O2. After dosing 1000 L of H2O and 1000 L of O2 (spectrum 7C), the intensity of Fe 
LVV Auger line has decreased compared to the initial spectrum (spectrum 7B), due to surface 
oxidation. After dosing O2 near ambient pressure conditions (spectrum 7D), the same phenomenon 
was observed for NAP-XPS experiment where Fe 2p signal has decreased after the surface 

oxidation.  

 

 

Figure 7: Auger electron spectroscopy measurements collected before and after PM-IRRAS 
experiments. A) Spectrum of the clean iron surface after sputter/annealing, B) the Fe surface after 
the 10 mM NaCl(aq) droplet was dried, C) spectrum B after exposure to H2O and O2 exposures, 
D) Spectrum C after exposure to near ambient pressure (NAP) O2. 

Table 1 compares the relevant elemental ratios from the Auger spectra in Figure 7. After H2O and 
O2 exposures, the relative amounts of oxygen and carbon have increased, whereas the Cl:Na ratio 
has decreased similar to the observations from the NAP-XPS experiments. According to Table 1, 
the O/Fe ratio has increased from 1.94 to 7.33 and the C/Fe ratio has increased from 2.39 to 5.79. 
It is also apparent that the oxygen content on the Fe sample surface increases due to the surface 
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oxidation upon exposure to O2 and H2O vapor. This may be attributed to the decrease in Fe LVV 
signal, thus raising the C/Fe ratio. Also it is possible some minor composition of the residual 
hydrocarbon species available in the vacuum chamber react with the surface or from the carbonate 
species, increasing the ratio to 5.79. Overall, the total increase in the O KLL signal from the gas 
phase oxidation of the surface, thus decreasing the C/O ratio to 0.79. The most interesting 
observation that corroborates NAP-XPS results is the decrease in Cl/Na ratio on the surface after 

dosing H2O and O2 from 2.90 to 2.42, and finally to 1.71 after exposure to NAP O2. This supports 
our hypothesis that when the corrosion process occurs on the surface, Cl- ions penetrate into the 
native iron oxide layer, whereas Na+ ions remain on the surface. 

Table 1: Auger electron spectroscopy relative ratios after each oxidation step. 

Sample O/Fe C/Fe Cl/Na C/O 

A) clean Fe surface 0.07 0.36 - 5.46 

B) dried 10mM NaCl droplet 1.91 2.39 2.90 1.25 

C) after H2O/O2 adsorption 3.04 3.12 2.42 1.02 

D) after NAP O2 adsorption 7.33 5.79 1.71 0.79 
 

 

3.5 Mechanism for the formation of surface adsorbed carbonate 

Based on the observations that obtained in the NAP-XPS and PM-IRRAS experiments we suggest 
a basic mechanism for the formation of CO3 on the surface by the oxidation of hydrocarbons. 
Overall a correlation is observed from the oxidation of surface hydrocarbons and the increase in 
surface carbonates, in the presence of the two key reactants in corrosion, H2O and O2, as shown in 
equation 7. These are consistent with our previous observations of the formation of carbonate films 
in 10 mM NaCl(aq) at the air/electrolyte/iron interface.[18, 23] 

 

Overall surface reaction: Fe(OH)� +  C%H& +  
'�(

�
O�  +  2H�O → FeCO� + (y + 6)OH     (7)  

 

The addition of O2 in the presence of the Cl- and Na+ appear to promote oxidation of the 
adventitious carbon, compared to the iron surface spot with no NaCl, where carbonate formation 
does not occur (shown in Figure 2 and Figure 4). Surface hydrocarbon impurities (CxHy) are known 
to undergo catalytic oxidation on other metal surfaces promoted with alkali metals[27], such as in 
the water-gas shift reaction[34], but require higher temperatures.[35] These reactions typically 
occur at temperatures above 350 ⁰C, but other studies show a relationship that the larger number 
of carbon chains, the lower the temperature of oxidation to CO2.[35, 36] Based on this knowledge, 
some of these elementary steps may explain how the observed surface hydrocarbons are converted 
to carbonates.  In our case, the Cl- ions most likely pit through the oxide layer while in the liquid 
droplet, exposing metallic Fe sites from surface corrosion.[18] [37] Additionally, during exposure 
to near ambient pressures of water vapor, the NaCl may act to trap the water at the surface through 
hydration providing OH sites for further reaction. Once O2 is exposed to the surface, this may 
allow for facile oxidation of the adventitious hydrocarbons to CO and CO2.[38] It is also known 
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that metal surfaces, promoted with alkali ions, are known to easily convert to surface adsorbed 
surface adsorbed CO2 to CO3 in the presence of gas phase oxygen.[39] Other studies report 
hydrocarbon oxidation through a Mars Van Krevelen mechanism, where lattice oxygen atoms 
oxidize hydrocarbons and are replenished through exposure to additional gas phase oxygen, 
enabling the formation of CO2 from CO.[40] [41] This may explain how the surface carbonate 
species are obtained. 
 
On the iron surface, the presence of the ions appears to promote CO3 formation. In surface 
corrosion, the Cl- are known to pit the surface creating nucleation sites and resulting in the release 
of Fe2+ cation at the liquid/solid interface. [19] [32] [42]   In our observations in Figure 5, the 
decrease of the Cl 2p signals suggest the Cl- ions migrate away from the analysis region through 
the native oxide layer, leaving Na+ at the interface region. This subsurface migration of the Cl- 
ions may be facilitated by the trapping of water, making more Fe2+ sites available for the oxidation 
of CO and other hydrocarbons (CxHy) facile after exposure to O2. We do not observe an increase 
in Fe2+ peak area from the NAP-XPS signals, however an increase in CO and C=O species are 
observed during the NAP-XPS experiment (see Figure S9 in the SI), may suggest the presence of 
intermediate C-O or C=O species, prior to producing CO3. A summary of the proposed mechanism, 
based on our observations, is shown in Figure 8 below. 
 

 

Figure 8: The schematic illustration of surface corrosion and oxidation to carbonate: (1) Cl- ions 
initiate corrosion by pitting the surface when in solution, (2) exposure to water leads to ion and 
surface hydration, (3) oxidation of surface hydrocarbons through the formation of surface adsorbed 
CO and CO2 upon the exposure of O2 to produce iron carbonate. 

The observed rates for each reactant, H2O and O2 in the PM-IRRAS and AES experiments show 
that the effect of water on the CO3 growth is 1st order. The O2 exposure appeared to only have an 
effect on the growth of CO3 at the near ambient pressure regime (shown in Figure S7-S8) by itself, 
but the CO3 growth is faster in the presence of water vapor. The NAP-XPS results show an 
interesting correlation between the decrease in surface hydrocarbons and the increase in carbonate 
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formation, but due to the several intermediate steps from water adsorption to CO3 formation, the 
overall reaction rates make this fundamental reaction complex to determine the order of reaction. 
Further experiments are needed to ultimately uncover the oxidation mechanism for H2O and O2 on 
the surface carbonation and corrosion of iron, in the presence of ions.  

In ambient environments, the hydrocarbon oxidation in ambient conditions could compete with 
atmospheric CO2 adsorption. The defect sites as well as Fe-OH sites on the surface after corrosion 
provide basic sites, such as hydroxyl groups or oxygen sites, ideal for gas phase CO2 adsorption. 
[43] Compared to our previous results at the liquid/solid interface, CO2 adsorbs into the liquid 
layer, easily binding with the surface OH sites producing surface adsorbed carbonates.[18] 

However at the gas/solid interface, carbonation is much slower without an ionic medium to 
facilitate ion diffusion. In ambient conditions, gas phase O2 is the stronger oxidant and present in 
higher concentrations, which allow for oxyhydroxides to form.[44] In the initial stages of oxidation 
presented here, FeCO3 was observed the main product, which may have protected the surface 
temporarily from further oxidation. More oxygen exposure is required to convert FeCO3 into 
FeOOH.[12, 45]  

This experiment presented here advances our knowledge on the initial stages of iron surface 
oxidation that leads to corrosion under the influence of NaCl and the role of water and oxygen for 
the initiation stages. This emphasized the importance of surface contaminants for the composition 
of iron corrosion products and also the influence of Na+ and Cl- ions in the fundamental steps in 
surface corrosion. Both water and oxygen are needed with the added ions to convert the surface 
hydrocarbons to surface carbonates. 

 

4.0 Conclusions 

The initial stages of iron surface oxidation and corrosion were studied using NAP-XPS, PM-
IRRAS and AES under the influence of NaCl ions and controlled exposure to O2(g) an H2O vapor. 
Surface oxidation was measured using NAP-XPS in two stages: 1) under the variable pressures of 
O2 under a constant H2O vapor pressure of 100 mTorr, and 2) under the variable O2 pressures with 
H2O vapor pressure of 0 mTorr. Results show that water vapor is required for surface oxidation of 
hydrocarbons to produce carbonates. The effect of O2 by itself did not result in apparent further 
oxidation to more carbonates either from the irreversibility of the reaction or from the lack of water 
vapor. The PM-IRRAS and AES experiments were used to measure the effect of H2O and O2 
separately, at UHV conditions. The growth of surface carbonate was found be 1st order with respect 
to the water vapor exposure. The O2 was found to have an effect near ambient pressure conditions 
on the oxidation of surface hydrocarbons and increased growth of surface carbonate.  

The following conclusions can be reached: 1) The surface deposited hydrocarbons on Fe/NaCl are 

oxidized and found to correlate with the growth of carbonate in the presence of water vapor with 
increasing O2 exposure. Near ambient pressure conditions, surface carbonate formation is found 
to follow a Langmuir isotherm model with both water and O2. 2) The growth of surface carbonates 
on Fe in the presence of NaCl follows 1st order kinetics with respect to water at low exposures. 3) 
A mechanism is suggested that ions from the NaCl droplet corrode the surface, thus exposing Fe 
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sites for the catalyzed oxidation. The water vapor is necessary for the reaction to occur and may 
provide surface hydration of the dried NaCl droplet, to allow for ion mobility of the Na+ and Cl- 
ions.  The Cl- ions were observed to decrease in intensity in the analysis region suggesting 
migration towards the bulk iron, thus penetrating through native oxide layer, exposing more Fe 
sites for the surface reaction. Further exposure from both water and O2 was suggested to oxidize 
the adventitious hydrocarbons, thus producing carbonates through surface oxidation. 

This fundamental study of the initial stages of oxidation and corrosion under controlled chemical 
environments shows how the individual reactants in corrosion, water and O2 with adsorbed ions, 
promote the conversion of hydrocarbons to produce carbonate films on iron surfaces. These 

findings are also important for understanding other surface catalytic and redox reactions in 
geochemical formation, pipeline corrosion for water quality, and environmental chemical 
processes. 
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