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Abstract 

Uncovering the mechanisms associated with CO2 capture through mineralization are vital 

for addressing rising CO2 levels. Iron in planetary soils, the mineral cycle, and atmospheric dust, 

react with CO2 through complex surface chemistry. Here, the effect of cations on the growth of 

carbonate films on iron surfaces was investigated. In situ polarized modulated infrared reflection 

absorption spectroscopy was used to measure CO2 adsorption and oxidation of iron in MgCl2(aq) 

and KCl(aq), compared to FeCl2(aq) at the air/electrolyte/iron interface. The cation was found to 

influence the film composition and growth rates, corroborated by infrared and photoelectron 

spectroscopy.  In MgCl2(aq) a mixture of hydromagnesite, magnesite, and a Mg hydroxy carbonate 

film was grown on iron, while in KCl(aq) a potassium rich bicarbonate film was grown. The 

cations were found to affect the rates of hydroxylation and carbonation confirming a specific cation 

effect on carbonate film growth. In the submerged region, a heterogeneous mixture of lepidocrocite 

and iron hydroxy carbonate was produced suggesting that Fe2+ dominates the surface products. 

Surface roughness measurements from in situ atomic force microscopy indicate iron initially 

corrodes faster in MgCl2(aq) than KCl(aq), due to the Cl- ions that initiate pitting and corrosion. 

In this region, cations were not found to affect the morphologies. This study shows surface 

corrosion is necessary to provide nucleation sites for film growth and that the cations influence the 

carbonate film, relevant for CO2 capture and planetary processes.  
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1.0 Introduction 

CO2 levels rose over 400 ppb over several decades1, which are causing drastic effects in 

weather patterns, melting of ice-caps, ocean acidification, and atmospheric corrosion.2 3 4 These 

global issues have severe impacts on populations, limiting water resources, and contribute to rising 

sea levels. The presence of high levels of CO2 calls for atmospheric removal through capture 

methods by either geochemical storage through sequestration or by conversion of CO2 to other 

commodity chemicals in the fuel industry. 2 5 6 7  

One way to mitigate rising CO2 levels is through capture and subsequent mineralization, 

converting adsorbed CO2 into carbonates from industrial waste, mine tailings, or cement by storing 

it underground.8 Direct air capture involves solvent or solid-based absorbents, where solutions, 

brines, and oxides have high capacities for CO2 absorption. Challenges in the mineralization 

process, include absorptivity of the materials, precipitation of products, and surface passivation, 

fundamentally involve surface chemistry at air/solution/metal interfaces. Understanding the 

mechanisms of CO2 adsorption on earth-abundant materials in solutions could be used to alter the 

binding of CO2 that may provide new routes for increasing carbonation rates. 

These same mechanisms are also important for interpreting other complex interfaces in 

geological formation and environmental processes on Earth and extraterrestrial planets.9, 10 Iron is 

an earth-abundant material that is prevalent in Earth’s mineral cycle as atmospheric dust11 12 13 and 

soils14, that comprise minerals on Venus and Mars.15 Uncovering mechanisms associated with 

mineral carbonation may reveal how these planets evolved.16, 17 Iron surface chemistry also plays 

a vital role in film formation (known as inorganic scale) on water pipelines.18 19 20 21 22 16 In these 

environments, where complex interfaces are present, iron surfaces are known to undergo 

reduction-oxidation reactions resulting in dissolution. Redox reactions are further accelerated with 

exposure to aqueous mixtures of dissolved ions and organics as well as reactive atmospheric gases, 

such as CO2 and O2.  

Converting CO2 into carbonate is the core reaction step for mineralization and essential to 

understanding kinetics of carbon capture. In solution and at liquid/solid interfaces, ultra-thin layers 

of water are cited as necessary providing ion solvation and diffusion for CO2 transportation.23 It is 

proposed this leads to ion-carbonate complexation, nucleation, and ultimately growth into 

carbonate films. Direct conversion of CO2 into carbonate minerals is thought to occur through the 

dissolution of CO2 to form carbonic acid and then either proton neutralization or by reaction with 

cations to form carbonates. These steps depends on variations in pH, the cation, and temperature.24 

The details of these steps are still not well understood, but critical to understanding mineral 

carbonation. 

On solid interfaces, metal oxide surfaces have been shown to have a high absorption 

capacity for CO2. Magnesium oxide (MgO) and calcium oxide (CaO), present in various water 

sources25, are the preferred materials for CO2 capture, due to the high absorption rate of Mg2+ and 

Ca2+.26 27 28 29 Other studies have shown that metal hydroxides (Fe(OH)2, Co(OH)2, Ni(OH)2) are 

efficient adsorbents for capturing CO2, producing metal carbonate (MCO3) and H2O as products.30 

Correlations have been found between CO2 uptake and humidity, where water dissociation 

provides basic OH sites for reaction with the acidic CO2.27 31 32 Studies have shown oxide supports 

modified with other alkali metals have a high capacity for CO2 adsorption.27 These reactions 

involve both the air/liquid and liquid/solid interfaces, where tailoring the properties of solutions 

and materials surfaces have the potential for efficient, direct CO2 capture.2 27   
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Our group has developed an in situ method for investigating these complex interfaces using 

polarized modulated infrared reflection absorption spectroscopy (PM-IRRAS), where both the 

air/liquid and liquid/solid interfaces are measured simultaneously.33-35 This technique allows for 

tracking the vibrational signatures of complex interfaces, where atmospheric gases (CO2 and O2) 

adsorb at the air/liquid/solid interface thus initiating surface oxidation. In our previous studies we 

have used PM-IRRAS to measure surface oxidation of iron in NaCl(aq) and CaCl2(aq) electrolytes, 

which produce interfacial mineral carbonate films.33, 35 It was found that Na+ ions from NaCl(aq) 

serve as a spectator ion producing FeCO3 (siderite). For iron in CaCl2(aq), Ca2+ ions were found 

to effect the growth of a CaCO3 film at air/CaCl2(aq)/Fe interface.33 In addition, the concentration 

of Cl- ions in the solution was found to effect on the rate of corrosion, influencing the film growth.  

In this study, we aimed to measure how other alkali and alkaline cations affect surface 

corrosion, CO2 capture, and the interfacial mineralization at the air/solution/Fe interface. The 

objectives were to: 1) measure the rates of carbonation from CO2 adsorption on film growth, 2) 

characterize the mineral films and the effect of the cations, and 3) connect film growth with surface 

corrosion. In situ PM-IRRAS was used to measure the vibrational signatures of interfacial iron 

oxidation in MgCl2(aq) or KCl(aq) at the air/electrolyte/Fe interface to test whether other cations 

will directly adsorb CO2. Here, effect of Mg2+ and K+ ions on the mineral film formation and 

composition was measured. The film composition is confirmed by ex situ attenuated total 

reflectance Fourier transform infrared (ATR-FTIR) spectroscopy and X-ray photoelectron 

spectroscopy (XPS) analysis. The results are compared with iron oxidation in FeCl2(aq) to test the 

competition of the cations with Fe2+ on the mechanism of film formation. The physical changes of 

the Fe surface were measured using in situ atomic force microscopy (AFM) to find the apparent 

rate of corrosion and the connection with film growth and surface morphology. These findings 

address complex interfacial chemistry in the natural environment, including geochemical 

processes, catalytic reactions of CO2 capture, and corrosion contributing to material degradation.  

 

2.0 Methods 

2.1 Sample preparation 

Two grades of metallic iron samples were used for the experiments. Metal plates of high 

purity iron (Puratronic, 99.995% metals basis, Alfa Aesar) and low purity metal Fe (iron(II), 

99.99%, Allied Metals Corp.) were obtained and cut into small pieces (2.0 cm × 1.0 cm × 0.20 cm) 

using a mechanical saw. One side of each sample was polished to a mirror finish. First, the samples 

were mounted in plastic molds of blue diallyl phthalate by applying 5 bar pressure for 15 minutes 

at 220 ⁰C in a mounting press. Then one side of each sample was polished using sandpaper with 

different grit sizes (400, 600, 800, and 1200) using a metal polishing instrument (Struers, LaboPol-

1). The last polishing step was completed by polishing with 0.05 μm silica suspension on a 

polishing pad (Allied High Tech Pan B). The polished samples were cleaned using a three-step 

procedure that has been described previously.34 35 The surface polishing gives a reflective surface 

required for the PM-IRRAS experiments and also for obtaining a surface with a low number of 

defects. The samples were washed using Micrell soap and rinsed with nanopure water (18.2 MΩ 

cm, Millipore Inc.). Lastly, they were sonicated in ethanol for 15 minutes to dry the samples, prior 

to PM-IRRAS and AFM experiments.  

Solution preparation: A 100 mM KCl(aq) stock solution (KCl 99.999%, trace metal basis, 

Thermo Scientific), a 100 mM MgCl2(aq) stock solution (MgCl2 99.99%, trace metal basis, Sigma-
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Aldrich), and a 50 mM FeCl2(aq) stock solution (FeCl2 4H2O, puriss, p.a. >99.0%, Sigma-Aldrich) 

were prepared using nanopure water (18.2 MΩ cm, Millipore Inc.). The interfacial PM-IRRAS 

experiments were carried out with 10 mM concentrations of KCl(aq), MgCl2(aq), or FeCl2(aq) by 

diluting the stock solutions in a 50 mL beaker, which was used as part of the liquid cell. Solutions 

of 1 mM concentrations were used for in situ AFM corrosion experiments where the stock 

solutions of KCl(aq) and MgCl2(aq) were prepared using serial dilution. For the drop and dry 

experiment, a 10 mM KHCO3 solution was prepared. 

 

2.2 PM-IRRAS measurements at the air/electrolyte/iron interface 

An iS50R Fourier transform infrared spectrometer (ThermoScientific, Inc.) instrument 

coupled with custom-built liquid cell34 was used to collect PM-IRRAS infrared reflectance 

absorbance spectra of the samples at the air/electrolyte/iron interface. An Al coated flat mirror and 

a parabolic mirror were used to focus the IR beam on the iron sample, at a grazing angle of 76 

degrees. A photoelastic modulator (PEM, Hinds, Inc.), equipped with a ZnSe window and 

polarizer, was used to modulate the signal between the p and s polarization. The polished Fe sample 

was oriented vertically by attaching it to the sample holder via an alligator clip. The incident 

infrared signal is focused onto the center of the polished surface and reflected at an angle of 76 

degrees, as shown in Figure 1A-B. This high grazing angle gives PM-IRRAS a high surface 

sensitivity, with a penetration depth of ≈ 0.4 μm (for iron) and up to 1.2 μm (for iron oxide).35 The 

half wave of the Bessel function was set to 2100 cm-1 to collect PM-IRRAS at air/electrolyte/iron 

interfaces. All PM-IRRAS spectra were collected within a 4000 – 600 cm-1 spectral range, a gain 

of 8.0, a 4.0 cm-1 resolution, an aperture of 5%, and 1000 scans per spectrum.  

 

Figure 1: Reflectance geometry of the vibrational spectroscopy measurements in A-B) the PM-

IRRAS reflectance mode, using an angle of reflection of 76 degrees, and C) the diamond ATR 

crystal using a fixed angle of 45 degrees. PM-IRRAS probes the air/solution/Fe interface while 

ATR-FTIR spectroscopy measures both the interface and submerged regions after surface 

oxidation. 

The optical alignment of the light source onto the iron surface and the optimization of the 

peak to peak (p/p) interferogram signal were done, as described previously.34 Five PM-IRRAS 

spectra were collected in each stage of the experiment with either 10 mM KCl(aq), 10 mM 

MgCl2(aq), or 10mM FeCl2(aq) electrolytes. First, a few spectra of the cleaned, polished iron 

surface were collected before exposure to the solutions to ensure that the sample was free of any 

impurities. Next, an empty 50 mL beaker was placed under the iron sample, where a few PM-

IRRAS spectra were collected of the dry iron surface that were used for baseline corrections. The 

beaker was then filled with nanopure water (18.2 MΩ cm, Millipore Inc.) until the p/p signal of 
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the interferogram was reduced by half to ensure that the water attenuated the p/p signal, indicating 

that the PM-IRRAS signal was probing the iron surface through the liquid film. Six spectra were 

collected in the nanopure water. 

For stage 1, several (5-6) PM-IRRAS spectra of the air/electrolyte/Fe interface were 

recorded for an hour to observe any changes due to diffusion of the ions to the surface. In stage 2, 

250 μL aliquots of the electrolyte solutions were removed so that the Fe interface was gradually 

exposed to air. This stage allowed for adsorption of atmospheric O2 and CO2 to the electrolyte/iron 

interface, initiating surface oxidation and corrosion. Spectra were collected after each aliquot over 

time to track the changes in the surface oxidation. This stage was continued until the p/p signal 

had returned close to its original value or until the p/p value did not change (no liquid layer was 

left on the surface). In the final 3rd stage, the iron surface was no longer in contact with electrolyte, 

allowing the surface to completely oxidize in air from exposure to atmospheric O2 and CO2. The 

collection of PM-IRRAS spectra continued in this (air oxidation) stage until no new peaks were 

observed in the spectra. The experiments were repeated 3-4 times per electrolyte to ensure 

reproducibility. 

PM-IRRAS peak area fitting procedure  

The baseline was corrected by subtracting the Bessel function baseline of the dry, polished 

Fe surface from each of the PM-IRRAS spectra collected in stage 1 (in solution), stage 2 (air 

adsorption), and stage 3 (air oxidation). Example raw spectra are shown in the supporting 

information in Figure S1. Quantitative analysis of the data was achieved by fitting the peak areas 

of the δOH and νCO3 vibrational modes in the uncorrected PM-IRRAS spectra using the CasaXPS 

software. Each peak of the PM-IRRAS spectra was fitted with 100% Gaussian lineshape 

accompanied with a linear background. The total peak areas of the δOH and νCO3 vibrational 

modes were normalized to the respective maximum peak area in stage 3 to find the relative 

coverage for each mode. These coverages were plotted as a function of time for stages 1 and 2 to 

obtain a rate of formation of hydroxylation and carbonation during the film growth.   

 

2.3 Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) spectroscopy  

The same iS50R Fourier transform infrared spectrometer was used to collect ATR-FTIR 

spectra of the samples from the PM-IRRAS experiments using an DLaTGS detector. Three areas 

on the Fe sample were analyzed (shown in Figure 1A): 1) the polished (clean) iron surface that 

was not exposed to the electrolyte, 2) the interfacial region that was exposed gradually to both the 

electrolyte and atmospheric O2 and CO2, and 3) the region completely submerged in the 

electrolyte. The samples were directly analyzed without rinsing after drying in air for 120-240 

minutes. All spectra were collected as a single beam spectrum using a gain of 4.0, 256 scans, a 

resolution of 4.0 cm-1, and within the 4000 – 400 cm-1 spectral range. This probes the surface at a 

45 degree angle with a probe depth of 2.0 μm, as shown in Figure 1C. Spectra of the interface and 

submerged regions were referenced to the single beam spectrum of the polished (clean) iron 

surface to produce absorbance spectra.  

Absorbance spectra of natural mineral specimens comprised of Mg and K carbonates were 

used as references to compare with the infrared spectra. ATR-FTIR spectra of a goethite (α-

FeOOH), lepidocrocite (γ-FeOOH), magnesite (MgCO3), hydromagnesite 

(Mg5(CO3)4.(OH)2.4H2O), artinite (Mg2(CO3)(OH)2∙3H2O), Pokrovskite (Mg2(CO3)OH2∙0.5H2O), 
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nesquehonite (Mg(HCO3)OH∙2H2O), Brugnatellite (Mg6Fe3+(CO3)(OH)13∙4H2O), coalingite 

(Mg10Fe3+
2(OH)24(CO3)∙2H2O), and Erythrosiderite (K2[FeCl5(H2O)],) were collected using the 

same spectral parameters but using the bare diamond window as the background spectrum. 

Specimen locale and spectra are given in the supporting information, in Figure S3. Mineral 

specimens were loaned from the A. E. Seaman Mineral Museum at Michigan Technological 

University, the Carnegie Museum of Natural History, and the Mineralogical & Geological 

Museum at Harvard University. Other standards of K2CO3 (99%, Sigma Aldrich) and MgO (98%, 

Acron) powders were collected, also using the bare diamond window as the background. 

 

2.4 X-ray Photoelectron Spectroscopy (XPS) 

A PHI 5800 XPS instrument (Perkin Elmer, Physical Electronics model) was used to 

collect survey spectra and high resolution XPS spectra. The base pressure of the XPS instrument 

is maintained at ultra-high vacuum (1x10-9 Torr) pressure range. A Mg anode (1253.6 eV) at 15 

kV operating voltage was used to scan the surface of the iron samples used in the PM-IRRAS and 

AFM experiments before and after oxidation. The analysis diameter of the X-ray beam on the 

sample was 800 µm and the angle between the sample and the analyzer was maintained at 45°, 

where the angle between the anode and the analyzer was 54.6°. 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. High 

resolution spectra were collected using a pass energy of 23.50 eV, step voltage of 0.1 eV, and a 

dwell time of 100 ms/step for the C 1s, O 1s, K 2p, Fe 2p, Mg 1s, Mg 2p, and Cl 2p regions. XPS 

spectra of the three regions (polished, interface and submerged) were collected for samples 

obtained from PM-IRRAS experiments and from liquid AFM experiments. Two regions were 

collected from the samples analyzed using AFM: the center of the dried droplet submerged in 

solution and the interface region.  

The CasaXPS software was used to fit all the high resolution XPS spectral peaks using a 

Shirley background and a 100% Gaussian lineshape. All regions were charge corrected with 

respect to the aliphatic carbon at 284.6 eV. Sensitivity factors were used to correct the peak areas 

for each region, when computing the elemental ratios.36, 37 

 

2.5 Atomic Force Microscopy (AFM)  

Atomic force microscopy was used to image the changes in the surface topography both in 

solution using in situ liquid AFM and after exposure to atmospheric O2 and CO2 in air (ex situ). 

To investigate the initial stages of corrosion, high purity iron samples (99.995% iron) were 

exposed to 1 mM solutions of either MgCl2(aq) or KCl(aq). The solutions were prepared by 

diluting 50 mM concentrated solutions to the desired concentration using nanopure water. An 

Asylum MFP-3D atomic force microscope instrument was used to collect all images in the 

experiments. 

In situ liquid AFM: The iron surfaces were imaged in solution to observe the surface 

corrosion over time. Polished Fe samples were mounted onto glass microscope slides using carbon 

tape and placed on the instrument stage. Silicon probes coated with chromium and gold (Oxford 

Instruments OLTESPA with an Cr/Au reflective coating) with a frequency of 70 kHz and a force 

constant of 2 N/m were used to image samples in the 1 mM KCl(aq) or 1 mM MgCl2(aq) solutions. 

Similar silicon probes (Oxford Instruments with Al reflective coating) of the same frequency and 
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force constants were also used for iron samples exposed to the electrolyte solutions.  Images of the 

clean, polished iron surface were first collected in air to check the surface roughness prior to 

exposure of the electrolytes. Next, the electrolyte solution was added to the center of the iron 

sample using a micropipette to create a ~ 50 µL droplet. Care was taken for the droplet to not touch 

the edges of the sample, which would quickly initiate the corrosion. The head was used to lower 

the cantilever into the droplet and the surface was imaged using tapping mode (AC mode) at a scan 

rate of 0.60 Hz using 256 points per line. Images of areas 10 µm x 10 µm and 5 µm x 5 µm were 

collected in the same regions consecutively over a two-hour time period to track the surface 

roughness and morphology changes. Surface roughness was measured using the root mean squared 

(RMS) measurements of 1 µm x 1 µm size over several areas in the 5 µm x 5 µm images. Averages 

and standard deviations were obtained for at least 5 different areas. These surface roughness 

measurements were plotted as a function of time to obtain the apparent rate of corrosion. These 

rates in the electrolytes rates were compared to those in nanopure water, without influence of ions. 

Ex situ AFM: After the in situ imaging, the sample was rinsed using nanopure water and 

dried in air for 1+ hrs. During this time, atmospheric O2 and CO2 oxidized the sample. The surface 

was then re-imaged at various locations to observe the morphology changes of the surface. Images 

were collected with the Al-coated silicon tips using scan rates between 0.50-0.70 Hz, 256 points 

per line, in different areas of 10 µm x 10 µm, 5 µm x 5 µm, and 2.5 µm x 2.5 µm. All AFM images 

were processed using a 3rd order flattening. The samples from the PM-IRRAS measurements were 

also imaged without rinsing after air oxidation (stage 3) several days later, using scan rates between 

0.5-1 Hz. Regions assessed were the interface region, the region below the interface, the 

submerged region, and the polished region.  

 

3.0 Results and Discussion 

3.1 CO2 adsorption and oxidation at the air/electrolyte/iron interface 

In order to detect the CO2 adsorption, in situ PM-IRRAS was used with our 3-stage method 

to measure the vibrational signatures at the air/solution/Fe interface.33 In stage 1, the iron surface 

is exposed to 10 mM of MgCl2(aq), KCl(aq), or FeCl2(aq), where reflectance spectra is collected 

at the air/solution/Fe interface. In stage 2, atmospheric CO2 and O2 (air) are adsorbed to the 

interface by removing aliquots of each electrolyte. In stage 3, the surface is completely oxidized 

in air, after removal of the electrolyte. First, to confirm the Fe surface was clean, a spectrum was 

collected of the dry Fe surface, shown in black at the bottom panels of Figure 2A-C in the 2000 

cm-1 – 600 cm-1 spectral region. The sample was then half-submerged in nanopure water prior to 

adding the ionic solutions (water, dark blue spectrum). The signal in the liquid phase was 

monitored by checking that the p/p interferogram was half the signal from the dry Fe surface.  

Afterwards, a volume of the water was removed and the stock solutions were spiked into the 

beaker, thus exposing the iron surface to either 10 mM of A) MgCl2(aq), B) KCl(aq), or C) 

FeCl2(aq), indicated as stage 1 (purple spectra).  

For iron in 10 mM MgCl2(aq) in Figure 2A, no vibrational modes were observed in stage 

1, suggesting no chemical reaction occurred yet or was not observed. However, upon removal of 

250 μL aliquots, atmospheric O2 and CO2 from air adsorbs to the Fe interface and begins to oxidize 

the surface (stage 2, blue/green spectra), over 132 minutes. After collecting five spectra over 48 

minutes, a small δOH mode appeared at 1654 cm-1 and increased over time as a result of surface 

hydroxylation or from the solution.33, 35 Additional peaks appeared at 1490 cm-1, assigned to νC-
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O, and at 860 cm-1, assigned to δCO3 from surface adsorbed CO3. Over time, the intensity of the 

νC-O mode at 1490 cm-1 increased and shifted to 1464 cm-1 suggesting that surface carbonates are 

grown on the surface.  

In stage 3, the 10 mM MgCl2(aq) solution was completely removed from the analysis spot 

and the iron surface was allowed to oxidize in air, shown in the top (stage 3, yellow/red) spectra 

in Figure 2A. Here, the δOH and νCO3 modes become more intense and split into multiple 

vibrational modes, indicating a restructuring of the film during oxidation. Four sharp modes are 

observed at 1652 cm-1, 1529 cm-1, 1460 cm-1, assigned to νCO3, as well as the δCO3 mode at 858 

cm-1. The doublet at 1478 cm-1 and 1450 cm-1 are assigned to a monodentate CO3 mode and the 

doublet at 1563 cm-1 and 1529 cm-1 are assigned as a bidentate CO3 mode.38 39 40 The small peak 

at 1094 cm-1 is assigned to the symmetric νC-O of carbonates,41 suggesting that adsorbed CO3 

restructures, as the film undergoes crystallization during oxidation in air. These are in agreement 

with previous studies for Mg carbonate minerals41, where the primary νCO3 modes appear between 

1515-1320 cm-1 for the asymmetric modes and between 1120-1110 cm-1 for the symmetric modes42 

as well as key δOH modes between 1650-1575 cm-1.43 Similar monodentate, bidentate, and 

polydentate modes were observed from corrosion of Mg surfaces in air, from Mg(OH)2 and 

MgCO3.40 44 

 

 

Figure 2:  PM-IRRAS spectra of O2 and CO2 adsorption to the air/solution/Fe interface in A) 10 

mM MgCl2(aq), B) 10 mM KCl(aq), and C) 10 mM FeCl2(aq). Spectra at the air/solution/Fe 

interface was collected in stage 1. In stage 2, atmospheric O2 and CO2 adsorption to the interface  

followed by oxidation in air in stage 3, which leads to the formation of unique signatures of 

carbonate films. 

 

Significantly different vibrational signatures are observed at the air/KCl(aq)/Fe interface, 

shown in Figure 2B. Initially in stage 1, two vibrational modes appear at 1646 cm-1 and 1408 cm-

1, assigned to δOH and νCO3, respectively. Both modes increase as a function of time indicating 

the oxidation at the air/KCl(aq)/Fe interface produces surface adsorbed hydroxylated and 
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carbonate species. In stage 2, during adsorption of atmospheric O2 and CO2, the position of the 

δOH mode remains the same with a decrease in intensity, while the νCO3 mode shifts to 1432 cm-

1  and increases in intensity over 62 minutes. These observations are similar to our previous studies 

of Fe in NaCl(aq), which attributed the δOH mode to the aqueous phase of the electrolyte or surface 

hydroxylation.33 This indicates that the hydroxylated species may be consumed as the surface 

adsorbs CO2, thus provide basic sites to react with the acidic CO2 to form surface adsorbed CO3 

or HCO3 species.  

After surface oxidation in stage 3, with complete removal of the KCl(aq) solution, the δOH 

and νC-O modes increase and sharpen, where the δOH mode blue shifts to 1660 cm-1 and the νC-

O mode red shifts to 1404 cm-1. New sharp vibrations appear in the red spectra (stage 3) in 2B 

showing signatures of carbonates: at 1697 cm-1, assigned to νC=O; the 1674 cm-1 and 1635 cm-1 

peaks, assigned to δOH; and the peaks at 1490 cm-1, 1454 cm-1, 1400 cm-1 are assigned to νCO3 

(asym). Modes from δCOH appear as a shoulder near 1328 cm-1 and increase during oxidation.38 

These peaks shift to 1707 cm-1, 1674 cm-1, 1659 cm-1, 1629 cm-1, 1490 cm-1, 1400 cm-1, in stage 3 

due the restructuring of the carbonate film as it crystallizes in air. We attribute the final signature 

to the formation of a bicarbonate film at the interface.45-47 Evidence of iron oxidation is also 

observed from the presence of weak modes of γ-FeOOH at 1012 cm-1 and νFe-O at 709 cm-1.  

Since the cation in the electrolyte appears to influence the identity of the film grown on the 

Fe surface, there may be a reason why the Mg2+ and K+ cations outcompete the Fe2+ ions, which 

dissolve into solution from reduction-oxidation and corrosion of the iron surface.35 22 To verify the 

ion competition, a 3rd benchmark experiment was done in a 10 mM FeCl2(aq) solution (shown in 

Figure 2C) to compare the competition of cations with that of Fe2+. When the iron surface is first 

exposed to 10 mM FeCl2(aq) in stage 1, strong and narrow peaks immediately appear at 1645 cm-

1, assigned to δOH from the solution or surface hydroxyl groups, and at 1415 cm-1, from νCO3. 

Over time, the δOH mode shifts to 1637 cm-1 and a small and sharp peak appears at 1025 cm-1, 

from γ-FeOOH.33 

After the Fe interface is gradually exposed to atmospheric CO2 and O2 (stage 2), the δOH 

modes remain the same, while the νC-O peaks slowly increase. During air oxidation (stage 3), the 

δOH mode at 1655 cm-1 shifts to 1666 cm-1 and the νC-O mode at 1415 cm-1 shifts to 1367 cm-1, 

while νCO3 appears at 1528 cm-1, from the growth of surface carbonates. As oxidation proceeds, 

the surface corrodes to form γ-FeOOH, observed at 1027 cm-1, 1172 cm-1, and 756 cm-1.33 35 48 It 

is interesting that γ-FeOOH has become the dominant surface species during the air oxidation 

stage, overcoming surface carbonate signals. The Fe2+ produced at the interface as a result of Fe0 

oxidation, appear to react with atmospheric CO2, which initially forms iron carbonate. It is not 

until oxidation of Fe2+ into Fe3+ by atmospheric O2(g) in the presence of the thin water layer that 

γ-FeOOH is grown and becomes the dominant species at the interface. This suggests that without 

added cations to adsorb CO2, iron oxidizes to γ-FeOOH. 

3.2: Quantification of Film Growth  

In order to determine the effect of the cation on the rate of interfacial hydroxylation and 

carbonation, the peak areas for each solution were fitted to find the relative coverage of each 

surface species and plotted as a function of time. The procedure for obtaining the peak areas is 

described in the methods section. The relative coverage, θ, of each species was measured by taking 

the ratio of the peak area in stage 1 or stage 2 and normalizing to the maximum peak area in stage 

3. These coverages for both the δOH and νCO3 modes for all 3 solutions are shown in Figure 3A-
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F. Each graph in Figure 3 represents hydroxylation (3A-C) and carbonation (3D-F) of the iron 

interface in stage 1 and 2, when the vibrational modes first appear. Stage 1 for Fe in each electrolyte 

solution is represented as a negative time scale and stage 2 is shown to the right of the dotted line 

for the air adsorption stage (begins at 0 minutes). Different iron purities are presented for 

reproducibility and produce the same vibrational signatures for each solution. The 99.99% (low 

purity, LP) iron contained anti-corrosion metals that did not corrode the surface as quickly as the 

as the 99.995% (high purity, HP) iron suggesting that corrosion must occur prior to film growth. 

It was determined that trace (anti-corrosive) metals in LP iron altered the adsorption kinetics by 

delayed film growth (shown in Table S1 and S2 in the SI). 

Figure 3A and 3D compares the rate of interfacial hydroxylation and carbonation of Fe 

(low purity-99.99% and high purity-99.995%) in 10 mM MgCl2(aq), shown as the open and closed 

green triangles, respectively. Surface hydroxylation of Fe does not begin in MgCl2(aq) until 

atmospheric O2 and CO2 are adsorbed to the interface region in stage 2. Fe in MgCl2(aq) follows 

the same trend as in the CaCl2(aq) (see Figure S2 in SI), where initially, the surface hydroxylation 

is not observed in stage 1, but after 20-40 minutes of air adsorption in stage 2, the coverage 

increases until it reaches a saturation point, between 40-80 minutes.33 The interfacial carbonation 

follows the same trend between 0-40 min in Figure 3D as atmospheric O2 and CO2 are gradually 

adsorbed to the solution/Fe interface, where the film growth saturates by 40 min.  

For Fe in KCl(aq) (yellow diamonds) in Fig 3B, the coverage of δOH increases linearly in 

stage 1 until air adsorption begins, at 0 min in stage 2. This trend is similar to our previous 

observations for Fe in NaCl(aq), where δOH appeared from surface hydroxylation.33 During stage 

2, O2 and CO2 is adsorbed to the interface, the hydroxyl coverage increases and plateaus between 

40-70 minutes. Around the same time, the carbonation rate increases continuously in Fig 3E. This 

trend may be due to the surface sites are saturated with hydroxyl groups and dissolved CO2 begins 

to react with the hydroxyl groups to form carbonates. The carbonation continues in an upward 

trajectory, unlike for the dication solutions. 
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Figure 3: Coverage profiles for the δOH and νCO3 modes plotted over time from adsorption of 

atmospheric CO2 and O2 yield the rate of hydroxylation and carbonation of the iron interface in 

the electrolytes in stages 1 and 2. Interfacial hydroxylation of Fe in A) MgCl2(aq) (green triangles), 

B) KCl(aq) (yellow diamonds), and C) FeCl2(aq) (gray circles). Interfacial carbonation of Fe in D) 

MgCl2(aq), E) KCl(aq), and F) FeCl2(aq). Closed markers were obtained on high purity (99.995%, 

HP) Fe and open markers were obtained on 99.99% Fe. 

 

For Fe in FeCl2(aq), the hydroxylation begins immediately in stage 1, in Figure 3C, and 

plateaus during stage 2 when O2 and CO2 is adsorbed to the interface region. This is different than 

observed for the other alkali and alkaline electrolytes. Iron oxidation expected in FeCl2(aq) as the 

surface undergoes a redox reaction in a mildly acidic solution, where Fe2+ easily oxidizes to 

Fe(OH)2. The carbonation rates, in Figure 3F, indicate that initially carbonate growth occurs in 

stage 1, but the rate slows in stage 2, during CO2 adsorption. After the solution is removed, 

oxidation takes over in stage 3 to form the γ-FeOOH layer, as shown in Fig 2C. This suggests that 

atmospheric O2 is a stronger oxidant on iron surfaces, thus producing the γ-FeOOH film over 

FeCO3. 

To quantify the rates of hydroxylation and carbonation, the linear rise in the δOH coverage 

or νCO3 coverage in stages 1 and 2 were estimated using a 1st order approximation.  The natural 

log of the initial rise of the coverage was plotted over time to find the rates in s-1. Table 1 below 

shows the rates for high purity (HP) iron for each type of electrolyte, in comparison to the rates 

from our previous experiments in ref 33. These were computed separately as the low purity Fe 

samples have traces of anti-corrosion resistant metals, which change the kinetic rates (see Table 

S2 in the SI). 

For HP iron, the rate of hydroxylation and carbonation was only observed in stage 1 for 

the K+, Na+, and Fe2+ chloride solutions. In this stage, the surface becomes hydroxylated as it 

corrodes and a small amount of atmospheric O2 and CO2 can diffuse into solution and react at the 

liquid/iron interface. Here the rates are shown to increase in the order of Na+ > K+ > Fe2+. In the 

case for NaCl(aq), the δOH mode was assigned to either the liquid solution or surface 

hydroxylation, which disappears during stage 3, and only FeCO3 modes were observed.35 For Fe 

in KCl(aq), the δOH mode remains on the surface during stage 3 in Figure 2C and is converted to 

bicarbonate, which alters the hydroxylation rate. Peaks were not observed for the Mg and Ca33 

chloride solutions, suggesting that hydroxylation or carbonation do not occur in stage 1 or are not 

detected, as shown in Figure 2A.  

Table 1: Rates of hydroxylation and carbonation (s-1) of iron surfaces exposed to each solution. 

HP (99.995%) Fe stage 1 stage 2 

solution δOH  νCO3  δOH νCO3 

MgCl2 n/a n/a 7.94 x10-4 4.22 x10-4 

CaCl2 n/a n/a 7.88 x10-4 9.19 x10-4 

KCl 6.88 x10-4 8.53 x10-4 1.00 x10-6 2.21 x10-4 

NaCl 1.22 x10-3 1.43 x10-3 2.21 x10-4 3.57 x10-4 

FeCl2 1.50 x10-4 3.22 x10-4 -1.14 x10-4 1.19 x10-4 
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It is not until stage 2, where O2 and CO2 adsorbs to the solution/Fe interface that the rate of 

carbonation increases and the rate of hydroxylation decreases for Mg2+, Ca2+, K+, and Na+. The 

decrease in hydroxylation rate may imply that the surface OH groups react with CO2 or dissolved 

HCO3
- (produced from carbonic acid equilibrium) and are converted into surface carbonate 

species. For HP Fe surfaces, the rate of carbonation increases in the order of Ca2+ > Mg2+ > Na+ > 

K+ > Fe2+, shown in Table 1, in agreement with previous studies that find that Ca and Mg materials 

have high rates of CO2 adsorption.27 49 50 The rate of carbonation is low for iron exposed to 

FeCl2(aq) as the surface is shown to oxidize to form γ-FeOOH. It should be noted the dication 

solutions have twice the amount of chloride as the monocationic solutions. The Cl- ions have been 

shown to pit the iron surface33, 51-53, initiating the redox reaction, releasing iron into the solution. 

This suggests that twice as much chloride may lead to more pitting and corrosion of the surface, 

creating nucleation sites for higher rates of carbonate growth. The surface corrosion is discussed 

below in the AFM results. 

 

3.3 Identification of mineral films using ATR-FTIR analysis  

To confirm the identity of the films produced on Fe interface, the ATR-FTIR spectra were 

collected of the Fe surfaces after the PM-IRRAS experiments of the interface region. The ATR-

FTIR spectrometer was also used to measure the regions completely submerged in electrolyte, that 

were not achievable with PM-IRRAS. In addition, PM-IRRAS is more surface sensitive, 

measuring the top ≈ 0.4 μm of the (iron) surface, while the ATR-FTIR configuration measures up 

to 2 μm in depth (shown in Fig 1). The spectra of these regions were compared with the ATR-

FTIR spectra of natural mineral samples that were used as standards to identify the films grown 

on the different regions of the samples, as shown in Figure 4 in panels I-III as well as in Figure S3 

and Table S3 in the SI.  

The ATR-FTIR spectrum of the iron interface exposed to A) 10 mM MgCl2(aq) is 

compared with spectra of B) magnesite (MgCO3), and C) hydromagnesite 

(Mg5(CO3)4(OH)2.4H2O), D) Pokrovsite (Mg2(CO3)(OH)2), and E) nesquehonite 

(Mg(HCO3)OH∙2H2O, shown in Panel I. Three characteristic modes for A) Fe in 10 mM 

MgCl2(aq) at 1609 cm-1, 1535 cm-1, and 1445 cm-1 confirm the surface carbonates/bicarbonate 

species at the interface region.48 Two additional modes at 1093 cm-1 and 855 cm-1, represent the 

asymmetric νCO3 and the δCO3 deformation modes, respectively. These peaks align best with the 

characteristic νCO3 modes of B) magnesite and C) hydromagnesite, D) Pokrovsite, and E) 

nesquehonite.54 42 The broad νOH peak within the 3500 – 3000 cm-1, assigned to hydroxyl species 

(Fe-OH/Mg-OH) and the νMgO mode between 680-600 cm-1 in spectrum A, can be used to 

differentiate the potential matches with the mineral spectra. These modes are only present in 

spectra of C) hydromagnesite, E) nesquehonite, and in Brugnatellite, (Mg6Fe3+(CO3)(OH)13∙4H2O, 

in Figure S3 in SI). This analysis suggests the film grown at the air/MgCl2(aq)/Fe interface is 

comprised of a mixture of magnesite, hydromagnesite, and a Mg hydroxy carbonate.  

The identity of the film grown at the air/KCl(aq)/Fe interface, spectrum F, was found by 

comparing it to the ATR-FTIR spectra in panel II of: G) a 10 mM KHCO3 droplet that was air-

dried on a new polished Fe surface, H) natural Erythrosiderite (K2[FeCl5(H2O)]), I) potassium 

carbonate powder (K2CO3), and J) the polished iron surface. Spectrum F shows vibrational 

signatures of an δOH at 1635 cm-1, the νHCO3 at 1394 cm-1, a δCOH at 1251 cm-1, a νC-O at 1012 

cm-1, and δCO3 at 835 cm-1. Neither spectrum H nor I are an exact match for the film grown on 
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iron. The vibrational modes in H) Erythrosiderite has broad νOH modes, strong δOH deformation 

modes at 1060 cm-1, and a unique mode at 1639 cm-1 that is aligned with spectrum F. Spectrum I 

of a KCO3 powder, shows the νCO3 at 1360 cm-1 and the δCO3 at 878 cm-1 that only match a few 

of the peaks in F. The clean polished iron surface (spectrum J) is shown for comparison indicating 

no Fe oxidation or mineral formation, as expected. Spectrum F aligns best with spectrum G of a 

10 mM KHCO3 solution drop and dried on a different iron surface. The key signatures indicate a 

potassium-rich bicarbonate film that is grown into the surface.38 For the Fe interface exposed to 

FeCl2(aq) in spectrum K in Panel III, the signatures are similar to spectrum P of γ-FeOOH 

(lepidocrocite). Nonspecific carbonate modes are also observed at 1627 cm-1, 1478 cm-1, and 1351 

cm-1.33, 55 This shows the γ-FeOOH is the primary film grown on the surface with a small 

contribution from a hydroxy carbonate film. Overall, signatures of cation specific carbonate films 

are grown at the interface region in agreement with other cation rich carbonates, iron in NaCl(aq) 

or CaCl2(aq).33  

 

 

Figure 4: ATR-FTIR spectra of carbonate films grown on Fe: I) the Fe interface exposed to A) 

MgCl2(aq) compared to B-E) Mg mineral specimens, II) Fe exposed to F) KCl(aq) compared to 

G-I) mineral specimens and the J) polished Fe surface.  Corroded surfaces are compared in III) of 

the K) interface of Fe exposed to FeCl2(aq) along with the submerged regions of iron in L) 

MgCl2(aq), M) KCl(aq), N) FeCl2(aq), and O-P) iron oxyhydroxide minerals. Spectra O and P are 

reprinted (adapted) with permission from de Alwis, C.; Trought, M.; Lundeen, J.; Perrine, K. A. 

Effect of Cations on the Oxidation and Atmospheric Corrosion of Iron Interfaces to Minerals. 

Journal of Physical Chemistry A 2021, 125 (36), 8047-8063. Copyright 2021 American Chemical 

Society. 

 

The corroded regions submerged in the electrolyte solutions, where the sample was not 

gradually exposed to atmospheric O2 and CO2, was also assessed and shown in panel III. The ATR-

FTIR spectra of iron in, L) 10 mM FeCl2(aq), M) 10 mM MgCl2(aq), and N) 10 mM KCl(aq) are 

remarkably similar compared with the spectra of Fe oxyhydroxide mineral specimens, O) goethite 

(α-FeOOH) and P) lepidocrocite (γ-FeOOH).33 The spectra (K-N) show almost identical 

vibrational modes to that of spectrum P) of γ-FeOOH (lepidocrocite), with broad νOH modes 
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within 3500 – 2500 cm-1, along with Fe-O modes at 1155 cm-1, 1016 cm-1
, and 745 cm-1.35 55 Also, 

spectra (K-N) show three weak νCO3 modes between 1622-1630 cm-1, 1482-1487 cm-1, and 1340-

1350 cm-1 originating from adsorbed nonspecific carbonates in the submerged regions. The 

intensities of these three peaks are analogous to the spectral features in Figure 2C and spectrum K 

of the interface region of Fe exposed to FeCl2(aq), where the same carbonates are observed. Other 

studies have shown similar vibrational modes resemble those of in situ gas phase CO2 adsorption 

on ferrihydrite.45 This suggests that the Fe2+ cation dominates the mineral composition in solution 

in the submerged region, where the reaction occurs with dissolved O2 and HCO3 species. It also 

suggests the Mg2+ and K+ do not significantly contribute in the mineral growth in the submerged 

region on the Fe surfaces.  

Other regions submerged in the electrolytes that did not corrode were also assessed, shown 

in Figure S4 in the SI, where non-specific carbonate species were observed. This suggests an 

intermediate carbonate adsorbs to the surface prior to formation of distinct carbonate films. No 

traces of dissolved carbonates were observed in the ATR-FTIR spectra of the solutions after the 

PM-IRRAS experiments (shown in Figure S5). The majority of the samples produce γ-FeOOH in 

the corroded area in the submerged regions, so we focus our discussion on this species, present on 

all the samples.  

 

3.4 Elemental Composition of the Interface and Submerged Regions by XPS  

To measure the relative composition and changes in the metal binding of the iron films 

after surface oxidation and corrosion, XPS was used to assess the top 10 nm of the surface. The 

C1s and the O1s region are shown in Figure 5I-IV that confirm the formation of carbonate at the 

interface regions. Each panel shows four XPS spectra that were collected on the A) droplet 

interface of Fe exposed to 1 mM MgCl2(aq) or KCl(aq) solutions from the AFM experiments as 

well as different regions of the samples after PM-IRRAS experiments from exposure to 10 mM 

solutions: B) the interface, C) the submerged region, and D) the unexposed, polished region.  

In all spectra in panel I of the C1s region of Fe exposed to MgCl2(aq), the following species 

were observed: adventitious carbon (C-H) at 284.5 eV, C-O at 286.0-286.3 eV, and C=O at 287.8 

eV. On the interface region (spectrum B) additional carbon species of carbonate (CO3) at 289.1-

289.9 eV and HCO3 at 293.0 eV were detected from the adsorbed carbonate film. In the submerged 

regions only a residual amount of CO3 at 290.5 eV was observed. The amount of CO3 and HCO3 

on the interface region is significantly higher than the other regions of the corroded Fe surface due 

to the film growth.  

For iron exposed to KCl(aq) in panel III, the same three species along with leftover K ions 

are observed at the interface in the C1s region. Carboxylate species are present at 288.6 eV, 

attributed to carbonate, along with adventitious hydrocarbons at 284.5 eV and C-O at 286.8 eV. 

The K2p3/2 region at 292.8 eV overlaps with the carbonate and bicarbonate species of the C1s 

region, but the carbonate/carboxylate species are larger at the interface region compared to the C) 

submerged region and D) polished iron. After rinsing the surface with nanopure water (spectrum 

A), the K+ and the carbonate species remain on the surface, suggesting that it is grown into the 

carbonate film, in alignment with the PM-IRRAS and FTIR spectra. The submerged region 

displays a smaller concentration of carbonates with some remaining KCl (K2p3/2 at 292.3 eV and 

K2p1/2 at 295.1 eV). These regions show evidence of carbonate deposition compared to the 

unexposed, polished area of the Fe surface, where no carbonates or other elements were detected.  
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Figure 5: XPS spectra of Fe oxidized in 10 mM MgCl2(aq) in the I) C1s region and the II) O1s 

region compared with Fe oxidized in 10 mM KCl(aq) for the III) C1s region and the IV) O1s 

region. Spectra across each panel row: A) the interface region from the samples in the AFM 

experiments, and regions from the PM-IRRAS experiments: B) the interface region C) region 

submerged in solution, and D) the polished iron surface. Results show a large concentration of 

carbonates (HCO3 and CO3) at the interface relative to other oxidized species (Fe-O) and other 

surface regions. 

 

XPS spectra of the O1s region is shown in Panel II, for Fe oxidized in 10 mM MgCl2(aq) 

and in panel IV, for Fe oxidized in 10 mM KCl(aq). The O1s region mirrors the spectra of the C1s 

region, where a large concentration of carbonates (CO3) are present at the interface region between 

531.2-531.5 eV. Two additional oxygen species are present at the interface (spectra A and B) from 

oxides (Fe-O or Mg-O) at 529.7 eV and adsorbed water (H2O) at 532.5-533.0 eV. The peak at 

531.5 eV for MgCl2 and 530.8 eV for KCl is the largest contribution, attributed to both Fe-OH and 

surface CO3, as their binding energies overlap.56, 57 Even after rinsing the surface with water 

(spectrum A), a high amount of hydroxide/carbonate (531.3 eV) species remains chemically 

adsorbed to the surface after exposure to MgCl2(aq). For Fe exposed to KCl(aq), the CO3 peak 

decreases relative to the Fe-O peak after rinsing likely due to the dissolution of the bicarbonate 

film. The same oxygen species are also present in the submerged region (spectrum C) but in 

different ratios indicating the surface was oxidized after corrosion. These ratios are different than 

Spectrum D of the polished (non-corroded) region where only Fe-O, Fe-OH, and adsorbed water 

species are present from the native oxide layer that covers iron. The results confirm a higher 

carbonate formation at the interface regions (A-B) compared to the region submerged in solution 

(C) and the polished Fe surface (D) that show little carbonate growth. This indicates that the 

air/MgCl2(aq)/Fe interface has a unique ability of growing carbonate species compared to the other 

areas of the Fe surface, in agreement that Mg carbonate films have the larger absorption rate but 

Ca has the higher absorption capacity.44, 58 

Other XPS spectra of the Mg 1s, Mg 2p, Fe 2p, and Cl 2p regions are shown in Figures S6-

S8 in the SI for the areas of the samples presented above. Only Mg carbonate was identified on 

the surface. Remnants of the Cl- species from the ionic solutions were present in the regions 

exposed to the electrolytes in all regions near 198.0 eV. A second species is observed at 198.9 eV 

from Fe-Cl only at the interface region, suggesting chloride binding to the iron surface. No other 
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significant shifts in binding energy were observed in these regions showing that the ions remain 

on the surface after surface oxidation and corrosion. 

To find the relative concentration of the ions at each region, the peak areas from the XPS 

spectra were used to compute the elemental ratios of the iron surface exposed to the KCl(aq) and 

MgCl2(aq) after the PM-IRRAS experiments. These results, shown in Table 2, are compared with 

our previous results, NaCl(aq) and CaCl2(aq) and with FeCl2(aq).33 Elemental ratios describe the 

relative composition adsorbed carbonate (HCO3 and CO3), cations (Mg2+ and K+), and Cl- anions 

at the interface compared to the region submerged in solution and the polished Fe prior to any 

solution. Each peak area was normalized to the total area of the Fe 2p region.  

The interface is shown to have 3-5 times higher relative concentration of carbonates for 

MgCl2(aq), KCl(aq), CaCl2(aq), and NaCl(aq) compared to the submerged region. The polished 

Fe and Fe exposed to FeCl2(aq) has oxide layers present on the surfaces and shows low relative 

concentration of carbonates. There is also a corollary high  cation/Fe ratio along with the carbonate 

formation, further indicating cation specific carbonate films are grown at the interface region. A 

similar trend is observed for the Cl-/Fe ratio.33 This suggests that because more Cl- ions are present 

at the air/solution interface, more pitting occurs, thus increasing nucleation sites for a higher rate 

of favorable film growth. This data and the chemical identity of the films in the PM-IRRAS and 

ATR-FTIR spectra suggests that cation- specific carbonate films are grown at the interface region. 

Table 2: Elemental ratios quantifying the total carbonate (HCO3 and CO3), cation, and anion (Cl-) 

concentrations on different areas on iron. 

Solution  

Region on Fe 

sample 

Total carbonate 

(C1s)/Fe2p Cation/Fe2p  Cl2p/Fe2p  
MgCl2(aq) Film 6.98 19.26 5.75 

  Interface 0.72 0.99 0.58 

  Submerged 0.13 0.20 0.13 

KCl(aq) Interface 0.79 2.14 0.26 

  Submerged 0.26 0.48 0.08 

CaCl2(aq) Interface 2.24 4.14 3.99 

  Submerged 0.61 0.96 0.38 

NaCl(aq) Interface 1.41 1.74 0.10 

  Submerged 1.07 1.54 0.09 

FeCl2(aq) Interface 0.08 1.00 0.04 

  Submerged 0.11 1.00 0.05 

none polished Fe 0.01 0.04 0.07 

 

Overall, the data in Figure 4 and 5 as well as Table 2 indicate that cation-specific carbonate 

films are grown at the interface region on Fe in MgCl2(aq) and KCl(aq). Whereas the product in 

the region submerged in solution is a mixture of γ-FeOOH with an iron hydroxycarbonate, similar 

to what was observed for Fe in CaCl2(aq) and NaCl(aq).33 Together these results confirm cations 

influence the identity of the mineral film growth at the air/electrolyte/Fe interface.   
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3.5 In situ AFM – measure of apparent corrosion rate 

To determine the effect of the ions on the physical changes of the iron surface, in situ liquid 

AFM was used to measure the topographical changes surface roughness (RMS), as a measure of 

the apparent corrosion rate. A sample of polished HP iron was imaged ex situ prior to electrolyte 

exposure to check the surface roughness, as shown in Figure 6A. The iron surface was then 

exposed to a droplet of 1 mM MgCl2(aq). Images in the same area were collected over time as the 

surface corroded, shown on the top row of Figure 6B-D, for a period of 140 minutes. A similar 

experiment was repeated for the HP iron surface in 1 mM KCl(aq), shown on the bottom row of 

Figure 6F-H. Images shown represent the beginning, middle, and end of the corrosion process.  

In situ imaging of the sample allows corrosion to be observed in real-time. The first images 

were recorded 40-46 minutes into exposure of the iron surface to the electrolyte droplets, as shown 

in images B and F. After 120 minutes, larger features are produced on the surface (images B-D) 

with the height scale between 115 nm to 125 nm for iron in 1 mM MgCl2(aq) compared to 4 nm 

features in images A and E. This is attributed to the surface roughening during the corrosion 

process, which consists of dissolution of Fe species and subsequent redeposition of particulates on 

the surface. For iron in 1 mM KCl(aq), the surface features remain the same height between 70 

nm-150 nm during the time frames that were imaged (Images 6F-H). For visual comparison of the 

gradual corrosion, see photos and additional images in Fig. S9 in the SI. 

 

Figure 6: AFM images of iron before corrosion (A and E) and during corrosion over time for iron 

in (B-D) MgCl2(aq) compared to iron in (F-H) KCl(aq). Images A and E were collected in a 

different location prior to applying the electrolytes. Plot of the surface roughness (RMS) is shown 

as an apparent rate of corrosion for HP Fe in 1 mM MgCl2(aq) (green circles), Fe in 1 mM KCl(aq) 

(yellow squares), and Fe in nanopure water (gray diamonds). Closed markers are for the same 

sample after it was rinsed in nanopure water and oxidized in air. 

 

In Figure 6, the surface roughness (in RMS) of iron was plotted over time (in minutes) to 

estimate the apparent rate of corrosion. The RMS values increase over time for iron in either 1 mM 

MgCl2(aq) (green circles) or 1 mM KCl(aq) (yellow squares) compared to iron in nanopure water 

(gray diamonds). The RMS value of the iron surface before being exposed to solution was 0.90 

nm. After exposure to the electrolyte solutions, the surface roughness gradually increased to 26 

nm in MgCl2(aq) compared to 10 nm in KCl(aq). This suggests, initially, MgCl2(aq) corrodes the 

iron surface 2x faster than in KCl(aq). This is attributed to the amount of Cl- present in MgCl2(aq) 

is twice that of KCl(aq) in equimolar solutions, which pit the surface and initiate corrosion. After 
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the droplet is rinsed off the iron surface and oxidized in air (closed markers), the average roughness 

for iron exposed to KCl(aq) increases to 45 nm and continues to grow past 70 nm as the surface 

oxidizes, whereas for Fe in MgCl2(aq) the RMS saturates near 35 nm. The surface corrosion and 

roughening plateaus in both solutions by 37-48 minutes.  

Our previous results were similar for iron in 5 mM CaCl2(aq) where the iron roughness 

also increased to 30 nm in the same time period. However, for Fe in 5mM NaCl(aq), the roughness 

was on average < 10 nm, which suggests that at the liquid/Fe interface the cations do not directly 

affect in the initial stages of surface corrosion. During air oxidation (at the air/Fe interface) the 

cations may affect the subsequent film growth rate on iron. Studies have found that stainless steel, 

an iron alloy, corrodes in solutions of KCl, K2CO3, and K2SO4 due to the formation of potassium 

chromate, thus freeing up the iron sites for oxidation.59, 60 In these solutions, Cl- and CO2 form HCl 

or carbonic acid, which can directly attack the iron sites. Additionally, a review determined Mg 

and Ca cations do not directly participate in steel corrosion, but increase the corrosion rates.61 

These results suggest that the cation role in direct corrosion is unlikely and in our case, pitting 

events are initiated by the Cl- anions. 

3.6 AFM of mineral formation 

The surface morphology variations also give insight into corrosion and film growth. The 

morphology of the iron surfaces after reaction in the 1mM electrolytes was imaged using ex situ 

AFM. These images are shown in Figure 7 of the different regions in the samples produced from 

the PM-IRRAS experiments (A-D) compared to samples used in the AFM experiments (E). The 

images from the in situ AFM experiments were collected after the surface was rinsed with 

nanopure water and dried in air for 1+ hours, thus oxidizing the surface from exposure to 

atmospheric O2 and CO2. Differences in the surface topography are observed of the various regions 

of the sample: A) the clean, polished region of the iron surface, B) the interface region of the PM-

IRRAS samples, C) below the interface, D) area submerged in the solution, and E) select areas 

from the in situ liquid AFM experiments. The left column shows images from iron exposed to 

MgCl2(aq) and the right column show images from iron exposed to KCl(aq). The RMS values for 

the AFM experiments are shown as the closed markers in Figure 6. 

The polished regions of the iron surfaces (A) are relatively smooth (< 6 nm in height) 

compared to the white-colored films grown at the interface region (B). The uniform features that 

are grown at the interface range in height between 20-80 nm suggest that the films are relatively 

flat from Mg hydroxycarbonate and K bicarbonate deposition. Below the interface region (C), the 

iron surface appears to have pitting, where small nano-sized features are observed between 30-50 

nm in height. This region is directly exposed to the electrolyte, where perhaps the Cl- ions pit the 

surface, but lack air exposure for further film formation where nucleation begins. ATR-FTIR 

spectra of this intermediate region, shown in Figure S4 in the SI, show non-specific carbonates 

and suggest the beginning stages of film growth.  

The submerged regions (D) have significantly larger features well above 400 nm in height 

from the more severely corroded regions from the PM-IRRAS experiments, after exposure to 10 

mM electrolytes and several days of air exposure. There is no significant difference in the 

topographies of the iron surfaces that were treated with MgCl2 or KCl, suggesting that the physical 

features after corrosion are not determined by the type of cation. During the initial stages of 

corrosion in 1mM solutions in (E), similar features are also observed on the samples after air 

oxidation. These images display stringy-like features33 62, similar to the morphology of 
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lepidocrocite on the surface, in agreement with the ATR-

FTIR spectral signatures in Figure 4. Hexagonal platelets 

are also present in images E, which suggest that an iron 

hydroxy carbonate, synonymous with green rust63 64, was 

grown on the surface, similar to our previous findings of 

iron exposed to CaCl2(aq) and NaCl(aq).33 This indicates 

that the cations from the electrolytes do not influence the 

morphology changes on the iron surface in the submerged 

region. The ions do appear to influence the RMS values, 

presumably from film growth, shown in Figure 6. The 

RMS for the Fe exposed to KCl(aq) continues to increase 

at a faster rate, while Fe in MgCl2(aq) plateaus, suggesting 

that the Fe exposed to KCl continues to oxidize and 

corrode Fe over time. 

 

Figure 7: AFM images of different regions of the iron 

surfaces after air oxidation and corrosion in MgCl2(aq) 

and KCl(aq): A) polished iron surface, B) interface 

region, C) below the interface region, D) the submerged 

region in 10 mM solutions from the PM-IRRAS 

experiments, and E) regions submerged in 1 mM 

solutions from the AFM experiments. 
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3.7 Mechanism of CO2 capture and mineralization 

The results presented above show that the carbonate film identity is specific to the type of 

cation in the electrolyte at the air/solution/iron interface and is initiated by surface corrosion. A 

suggested mechanism is summarized in Figure 8. In the first part of the mechanism, corrosion is 

needed to produce active sites before mineral films can be grown on iron surfaces, as shown from 

the PM-IRRAS results and the AFM measurements. In steps 1-2) surface corrosion is initiated by 

the chloride anions through pitting of the native oxide layer on the iron surface53, thus creating 

defects that act as nucleation sites for film growth,65 according to the surface roughness 

measurements. This then allows for 2) reduction-oxidation to occur followed by hydroxylation of 

the surface.  

 

Figure 8: Summary of surface mechanism linking corrosion, CO2 adsorption, and surface 

carbonation to form cation specific carbonate films at the air/solution/Fe interface. Atom color 

scheme: chloride anion (purple), cation (green), oxygen (red), hydrogen (gray). 

Once these defect sites are created, they can become hydroxylated in aqueous solutions66, 

where the surface hydroxyl groups are predicted to have higher reactivity than OH groups on the 

hydration shells of dissolved ions.31 23 In step 3) these surface OH groups bind with the cation (Mg 

or K) and also act as basic sites for reaction with the acidic CO2, as illustrated in Figure 8. Studies 

have shown that CO2 adsorbs to defect sites67, such as the preference for defected MgO(111) 

produced from high temperature sintering or activated CaO by humidity exposure.68 On Fe alone, 

various facets of Fe single crystals are more favorable for CO2 adsorption due to their high surface 

area.69 70 71 Defects on oxide surfaces, calcined particles, and 3-dimensional materials have also 

been shown to increase rates for CO2 adsorption. 6 32  Evidence for the surface mediated reaction 

here is shown from the hydroxyl bending modes from the surface OH groups that were observed 

for some of the electrolytes. In Figure 3A and 3C the hydroxylation rates follow the order Na+ > 

K+ > Fe2+, where these modes are present at the air/solution/Fe interface but disappear as the 

surface is oxidized and carbonate is grown.  

 It is possible the OH groups on the hydration shell of the cation could react with CO2 

through complexation prior to particle nucleation and then deposit on the surface.72-74 This may 

explain why the OH modes are not observed in stage 1 for MgCl2(aq) and CaCl2(aq), but carbonate 

films are grown at the highest carbonation rates. The OH groups and the defects on the iron surface, 

must be present for the mineral film growth. Our previous results in nanopure water have shown 

that no carbonate film growth is observed without added Cl- ions.35 The Cl- pit through the native 

oxide layer, dissolving Fe2+ into solution and exposing Fe0 and Fe2+ sites for further reactions. 

These studies support our findings that defect sites, produced from iron surface corrosion, and the 

formation of surface hydroxyl species75 enable facile adsorption of CO2 during oxidation. 
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Secondly, the cation in the electrolyte influences the identity of the carbonate film and the 

rate of carbonation. In step 4) in Fig. 8 as CO2 dissolves into solution and the surface begins to 

oxidize from adsorption of atmospheric O2 and CO2, the equilibrium of carbonic acid quickly 

produces bicarbonate, which can then go on to react with the defect sites or OH groups. Our data 

show that in step 5) magnesium hydroxy carbonates are formed for Mg2+, but potassium-rich 

bicarbonate was grown from exposure to K+, and only carbonates were produced for Na+ and Ca2+. 

Since the carbonates have a high concentration at the interface region, this is attributed to the 

exposure of the solution to CO2 in air. Although the formation of dissolved bicarbonate from 

carbonic acid equilibrium76 is faster than direct CO2 adsorption at the gas/solid interface, the 

relatively high concentration of dissolved CO2 and conversion to HCO3 and CO3 species77 at the 

interface region has a larger effect on the carbonate film formation. This is shown in the XPS 

elemental ratios where higher relative concentrations of the cations, carbonates, and chlorides are 

observed at the interface region. The ATR-FTIR spectroscopy analysis identify the cation-specific 

carbonate film that is grown uniquely at the interface, where there is direct access to atmospheric 

CO2. 

The rate of carbonation appears to also be affected by the type of cation. From the PM-

IRRAS measurements and the kinetics analysis, the rate of carbonation follows the order of Ca2+ 

> Mg2+ > Na+ > K+ > Fe2+ on high purity iron surfaces. These results are also supported by the fact 

that alkali and alkaline cations, have been used as promoters on other surfaces for higher CO2 

adsorption.27 78 79 Bare (metallic) iron surfaces are known to undergo facile CO2 adsorption,69 70 71 

where the binding of CO2 on Fe surfaces is strong80 compared to other catalytic metals, driven by 

the Lewis basicity and the surface catalytic activity.78, 81 Potassium promoted Fe(110) have been 

shown to stabilize surface carbonate, with a dependence of K coverage and the stability of CO2 

adsorbed species.28 This was also observed for other alkali cations28, such as Cs promoted Cu(110) 

and for K promoted Rh.28 In our studies, the Ca and Mg ions have the higher rate of carbonation, 

which have been shown to be the highest carbonate forming alkali metals.23, 27, 32, 58 Here, specific 

cations at the electrolyte/iron interface may have a promotional effect on adsorption of CO2 and 

conversion to surface adsorbed carbonates. 

Thirdly, there is a competition between Fe2+ and other cations at the interface for growing 

cation specific carbonate films. During the surface corrosion, the Cl- pit the surface causing 

dissolution of Fe2+ from the surface into solution, thus initiating reduction-oxidation, as shown in 

the AFM results. At the interface, the MgCl2(aq) and KCl(aq) electrolytes enable the formation of 

carbonate films as opposed to metal hydroxides, suggesting that the Mg+ and K+ have either a 

greater concentration or binding preference for CO2 in the film growth, thus outcompeting the 

dissolved Fe2+ that could redeposit on the iron surface.72 When the iron surface was exposed to 

FeCl2(aq), the Fe2+ quickly corrodes and hydroxylates the surface (shown from the high rate in 

Figure 3C). Surface carbonates are then grown initially during stage 2, when atmospheric CO2 and 

O2 are adsorbed to the interface. After oxidation in air, γ-FeOOH is formed, replacing the surface 

carbonates, as shown in Figure 2C and Figure 4. At the region submerged in solution in Fig 4, 

there is dissolved bicarbonate and oxygen, but no direct exposure to CO2. Here, the Fe2+ cation out 

competes the K+ and Mg2+ cations for mineral growth, thus producing the same heterogeneous 

mixture of γ-FeOOH and Fe hydroxy carbonates (Fex(OH)2CO3)).  

These results show that cations in electrolytes highly influence mineral carbonation on iron 

interfaces in complex media, from the direct CO2 adsorption into the electrolyte. Additionally, 

surface corrosion, which creates nucleation sites on iron for CO2 adsorption, is connected with 
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film growth. The findings reveal the synergistic effect of cations from electrolytes, with earth 

abundant (iron) interfaces at liquid/solid interfaces that could be tailored for direct CO2 capture for 

geological sequestration. These studies suggest that reactions at complex interfaces have 

implications for geochemical mechanisms in planetary environments as well as fundamental 

processes in surface catalysis and corrosion. 

 

4.0 Conclusions 

A surface chemistry approach was used to study the effect of cations on CO2 capture and 

interfacial mineral formation and its connection with Fe corrosion at air/solution/Fe interface. The 

composition and rate of carbonate film formation were found to depend on the cation of the 

electrolyte. The rate of surface hydroxylation of Fe followed the trend of Na+ > K+ > Fe2+, which 

provides basic sites for CO2 adsorption. Upon exposure to atmospheric CO2 and O2 directly from 

air, the rate of carbonation of iron interfaces was found to follow the order of Ca2+ > Mg2+ > Na+ 

> K+ > Fe2+. The relative elemental composition showed the high concentration of surface 

carbonate, cations, and chloride at the interface region further confirming the specific cation effect.  

At the air/MgCl2(aq)/Fe interface, a film consisting of a mixture of magnesium carbonate, 

hydromagnesite, and a magnesium iron carbonate hydroxide film. The mineral scale formed at the 

air/KCl(aq)/Fe interface was found to comprise of a potassium-rich bicarbonate film. For iron in 

FeCl2(aq), a heterogeneous mixture of γ-FeOOH and iron hydroxy carbonates were produced as 

the main surface species. These results suggest that direct CO2 capture occurs from the synergistic 

effect of nucleation sites, created by surface corrosion, and a promotional effect of cations to grow 

carbonate films at the air/electrolyte/iron interface. 

The rate of iron surface corrosion was measured by the surface roughness using in situ 

AFM analysis. Iron in MgCl2(aq) has a faster initial corrosion rate than Fe in KCl(aq), due to the 

relative amount of chloride ions. After oxidation in air, the surface corrosion continues in KCl(aq), 

but plateaus in MgCl2(aq). AFM imaging confirmed the presence of γ-FeOOH and surface 

hydroxy carbonates in the submerged region, with limited CO2 exposure, suggesting no direct 

cation effect. The findings of this study are relevant for developing solutions for direct CO2 capture 

and geological sequestration technologies. The details of these surface chemical mechanisms also 

explain processes at complex interfaces relevant for geochemical formations on Earth and other 

planets. 
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