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ABSTRACT: Surface corrosion involves a series of redox reactions that
are catalyzed by the presence of ions. On infrastructure surfaces and in
complex and natural environments, iron surfaces readily undergo redox
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reactions, impacting chemical processes. In this study, the effect of how
cations influence the formation of the mineral scale on iron surfaces and
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tion spectroscopy (PM-IRRAS) measurements were used to measure the
oxidation and formation of carbonates at the air/electrolyte/iron
interface, which confirmed that the iron surface oxidized faster in /-FeOOH
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CaCl,(aq) than in NaCl(aq). PM-IRRAS, attenuated total reflectance—
Fourier transformed infrared spectroscopy, and X-ray photoelectron
spectroscopy show that after the adsorption of atmospheric O, and CO,,
calcium carbonate (CaCO;) in the form of calcite and aragonite was
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produced on iron in the presence of CaCl,(aq), whereas siderite (FeCO;) was produced on the surface of iron in the presence of
NaCl(aq). However, in either solution without gradual O, and CO, exposure, a heterogeneous mixture of lepidocrocite (y-FeOOH)
and an iron hydroxy carbonate (Fe,(OH),CO;) was grown on the iron surface. In situ liquid AFM was used to measure the surface
roughness in CaCl,(aq) and NaCl(aq), as an estimation of the corrosion rate. In CaCl,(aq), Fe was found to corrode faster than Fe
in NaCl(aq) due to more ions at equimolar concentrations. Surface physical changes, as measured by ex situ AFM, confirmed the
presence of a heterogeneous mixture of y-FeOOH and an Fex(OH)yCO3 in the submerged region. This indicates that the cation
does not affect the type of mineral grown on the Fe surface in the region completely submerged in the electrolyte. These results
suggest that the cations play a unique role in the initial stages of corrosion at the interface region, influencing the uptake of
atmospheric CO, and mineral nucleation. The knowledge gained from these interfacial reactions are important for understanding the
connection between surface corrosion, mineral grown, and CO, capture for sequestration.

1. INTRODUCTION

Corrosion is a natural process where metals are oxidized from
exposure to humidity and oxidizing gases. Corrosion impacts
industrial infrastructure affecting water quality and material
degradation, due to the breakdown of metal protective coatings
within municipal pipes leading to severe health hazards, as was
observed in the Flint water crisis.' > Municipal water lines
undergo corrosion from spontaneous electrochemical reactions
and buildup layers of the inorganic scale on the surface.” These
scale films are produced from exposure to hard water,
consisting of sulfates, carbonates, bicarbonates, and phosphates
of calcium and magnesium. The growth of scale films on the
internal walls acts as a physical barrier between aqueous
solutions and the metal pipeline, greventing particulate
dissolution into municipal water lines. =% However, there are
still gaps into how the chemistry of these complex mixtures
influences the mechanism of corrosion and scale formation.
Inorganic thin films are a complex mixture of minerals
produced on the surface of metals from corrosion and other
complex mechanisms.”'® The chemical composition of the
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mineral depends upon the metal and the chemical composition
of solutions, solution pH, temperature, and gases in the
environment.''~"® Atmospheric dust and other particulate
matter that settle on metal surfaces can also lead to corrosion,
such as in the crevice phenomenon, where the small space
between dust and the surface of the corroding species traps
water easily, and fluctuations in relative humidity cause
dissolved ions to deposit onto the surface of the substrate,
increasing corrosion rates.”'* Corrosion reactions and mineral
formation are complex in nature as gases and ions in
electrolytes come in contact with metal surfaces, producing
oxides, hydroxides, and carbonates.'> ™"’
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A) Vertical sample orientation in PM-IRRAS experiments
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Figure 1. Sample orientation for the (A) PM-IRRAS experiments (vertical orientation) and (B) AFM experiments (horizontal orientation).

The mechanism of corrosion begins with pitting of the
surface with typically chloride ions, leading to breakdown of
the native oxide surface layers, dissolution of the metal surface
(acting as the anode), followed by metal oxidation, and results
in the growth of inorganic mineral scale.""*® The chemical
composition of these minerals are influenced by the type of
ions present in aqueous solutions and exposure to oxidizing
gases, such as oxygen, water, and carbon dioxide.”' "> The
presence of ions, particularly chloride,*® is known to accelerate
or catalyze the corrosion, due to increased ionic strength
affecting charge transfer in the redox reaction.

Iron interfaces are ideal for studying fundamental corrosion
processes as they comprise not only material infrastructure but
also soils and atmospheric dust present in the mineral cycle,
which undergo spontaneous redox reactions in aqueous
ambient environments.”’ ' Although there are many studies
pertaining to the corrosion process of iron,”*>~** there are few
studies connecting how the chemistry in complex mixtures
from ions, gases, and solid surfaces impacts surface corrosion,
chemistry, and mineral growth. Our previous studies have
shown that siderite (FeCO,) is produced from exposure of Fe
to aqueous NaCl(aq) and atmospheric CO,."* In HCl(aq),
lepidocrocite (y-FeOOH) was produced at the iron interface,
suggesting that only O, from air exposure influenced the
mineral product. These studies show that at the iron interface,
distinct minerals were formed in a complex environment of
chlorinated electrolytes and air exposure and that polarized
modulated-infrared reflection absorption spectroscopy (PM-
IRRAS) is used to monitor the vibrational signatures during
the formation of the minerals at the air/electrolyte/solid
interface.

The objectives of this study were to measure how the cation
affects the corrosion and oxidation of Fe interfaces to mineral
films. A surface chemistry approach in three stages was used to
investigate the surface mechanism and changes at the air/
electrolyte/iron interface and in solution. These three stages
are (1) the Fe surface in the electrolyte solution, (2) the air
adsorption stage where the electrolyte solution is gradually
removed to allow for exposure of the liquid/iron interface to
atmospheric O, and CO,, and (3) the oxidation stage, where
the electrolyte was completely removed, allowing complete
oxidation at the air/iron interface. We investigated two
different chloride electrolytes, NaCl(aq) and CaCl,(aq),
using PM-IRRAS to measure the interfacial oxidation and

8048

formation of minerals. The chemical compositions of the
corrosion products on iron at the interfacial area and the
region submerged in solution were compared using X-ray
photoelectron spectroscopy (XPS) and attenuated total
reflectance—Fourier transform infrared (ATR—FTIR) spec-
troscopy. In situ liquid atomic force microscopy (AFM) was
used to estimate the corrosion rates by imaging and measuring
surface roughness in solution as a function of time. The
resulting surface topography of mineral growth was measured
using ex situ AFM after air oxidation. This approach allows us
to measure different stages in the corrosion mechanism, from
the initial stages in solution using liquid AFM, surface
oxidation during air exposure for O, and CO, using PM-
IRRAS, and post analysis using FTIR, XPS, and AFM. Our
results suggest that the presence of the countercation at the
air/electrolyte/iron interface highly influence the mineral
formation. These studies ultimately connect mechanistic
processes of corrosion in complex environments, from gases
and electrolytes to nucleation and growth of minerals.

2. METHODS

2.1. Sample Preparation. 2.1.1. Surface Preparation.
Two grades of iron metals were used for the experiment. Metal
iron (iron(II), 99.99%, Allied Metals Corp. and Puratronic,
99.995% metals basis, Alfa Aesar) was obtained in the form of
a metal plate and cut into small sample pieces (2.0 cm X 1.0
cm X 0.20 cm). One side of each sample was polished using a
metal polishing instrument (Struers, LaboPol-1) in a four-step
metal polishing method as described previously'® to a mirror
finish. This was necessary to produce a highly reflective surface
for PM-IRRAS measurements and a defect-free surface for
AFM measurements. The samples along with their molds were
rinsed with distilled water to remove the remaining particulate
matter coming from the polishing material after every polishing
step. The polished sample along with its supporting mold was
sonicated for S min in ethanol to remove impurities. Polished
metal iron samples were ejected out of the plastic mold by
pressing hard through a vice. The polished iron samples were
cleaned with Micrell soap solution followed by nanopure water
(18.2 MQ cm, Millipore Inc.) to remove the soap and finally
sonicated in ethanol for 15 min.

2.1.2. Solution Preparation. A 100 mM NaCl(aq) stock
solution was prepared using NaCl (99.0%, Sigma-Aldrich) and
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nanopure water (182 MQ cm, Millipore Inc.). A stock
solution of CaCl,(aq) of SO mM concentration was prepared
using anhydrous CaCl, (>96.0%, Sigma-Aldrich). All the PM-
IRRAS corrosion studies were carried out with 10 mM
concentrations of NaCl(aq) and CaCl,(aq) solutions by
suitably diluting these stock solutions in a 50 mL beaker.
For AFM imaging experiments, dilute concentrations of each
electrolyte were required to slow down corrosion to observe it
on a slower time scale. Therefore, a stock solution of 10 mM
NaCl(aq) solution was prepared using NaCl (99.0%, Sigma-
Aldrich), and a 10 mM CaCl, (aq) solution was prepared using
anhydrous CaCl, (>96.0%, Sigma-Aldrich) using nanopure
water (18.2 MQ cm, Millipore Inc.). The dilute concentrations
of 1, 5, and 10 mM were used to monitor the effects of the
electrolyte using AFM.

2.2. PM-IRRAS Measurements at the Air/Electrolyte/
Solid Interface. An iSSOR Fourier transform infrared
spectrometer (Thermo Scientific, Inc.) instrument with
aluminum mirrors was used to collect PM-IRRAS infrared
reflectance absorbance spectra and ATR—FTIR spectra of the
samples. An in-house built (by the Perrine research group)
optical set up was coupled to the same instrument to collect
PM-IRRAS, as described previously.'”*> The polished iron
samples were attached to the sample holder in a vertical
orientation, as shown in Figure 1A. A photoelastic modulator
(PEM, Hinds, Inc.) with a ZnSe polarizer was placed in the
beam path to modulate the signal between p and s polarized
light. The half wave of the Bessel function was set to 2100
cm™ to collect PM-IRRAS of iron interfaces of electrolytes
dissolved in nanopure water. The half wave was changed to
1800 cm™ to collect PM-IRRAS of iron interfaces of
electrolytes dissolved in D,0, so that the stretching and
bending vibrational modes of water could be seen clearly on
the Bessel function background. The PM-IRRAS spectrum of
the sample within the 4000—600 cm™" spectral region was
recorded using 4.0 cm ™" resolution, a gain of 8.0, an aperture of
5%, and 1000 scans.

The optical alignment onto the iron surface and the
optimization of the peak-to-peak (p/p) signal were carried
out as described previously.'*** Several types of spectra were
collected under the different stages of corrosion of iron with
either 10 mM CaCly(aq) or 10 mM NaCl(aq) electrolytes.
First, a spectrum of the dry, polished iron sample was collected
before starting the corrosion reaction. Next, an empty beaker
was placed under the polished iron sample and filled with
nanopure water until the p/p signal was reduced by half,
showing that the water attenuated the p/p signal. This ensured
that the sample surface can still be detected through the
solution. The water/iron interface spectra were recorded to
check that no other features were observed at the air/water/Fe
interface.

Next, the 100 mM NaCl(aq) or the 50 mM CaCl,(aq)
solution was diluted in the 50 mL beaker such that the final
electrolyte concentration was 10 mM, as shown in Figure 1A.
The volume in the beaker was suitably adjusted to keep the
electrolyte/iron interface in the IR beam pathway by
monitoring the p/p signal of the interferogram. Once this
was achieved, the PM-IRRAS spectra were recorded over a
total time of 1 h (denoted as stage 1). Next, SO uL aliquots of
the electrolyte solutions were removed, and PM-IRRAS spectra
were collected after each removal of each aliquot (denoted as
stage 2). This step allowed for atmospheric O, and CO, (air)
to adsorb to the electrolyte/iron interface, initiating the
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corrosion reaction, which is notated as the air adsorption step.
This process was continued until the p/p signal had returned
close to its original value. Then, the electrolyte in the beaker
was removed so that the iron sample was not in contact with
the electrolyte. This allowed the iron interface to oxidize in air,
notated as the air oxidation step (stage 3). The PM-IRRAS
spectra were then collected, until no change in the reflectance
modes was observed.

2.2.2. Fitting of PM-IRRAS Data. The Bessel function
baseline was corrected by subtracting the PM-IRRAS spectra
of the dry iron with an empty beaker in place from each
spectrum during adsorption of atmospheric O, and CO,
during carbonate formation (stage 2) and air oxidation
(stage 3). Representative data from our experiments are
shown below with the raw data shown in Figure S1 in the
Supporting Information section. Peak areas of each surface
species were analyzed by fitting the PM-IRRAS spectra to
obtain the rate of oxidation and formation of each mineral at
the interface. A linear baseline was fit to each region of the
Bessel function where vibrational modes were present. The
PM-IRRAS spectra were fitted using 100% Gaussian lineshape
in CasaXPS software. The total peak areas for the SOH, vCO;,
and 6Fe—COj vibrational modes were each summed to obtain
the total area contribution of each mode for each PM-IRRAS
spectrum in the air adsorption step and the air oxidation step.

2.3. ATR-FTIR Spectroscopy. The ATR—FTIR spectra
were collected after the PM-IRRAS experiments at the
interface region and the submerged region of the samples, as
shown in the images in Figure 1A. The Fe samples used for
PM-IRRAS experiments were directly used for ATR—FTIR
analysis without rinsing with water. Spectra were collected on
an external ATR attachment with a diamond ATR crystal using
256 scans per spectrum, a resolution of 4.0 cm™, and a gain of
4.0. A pressure pin was used to press the samples against the
diamond ATR crystal. A spectrum of the clean, uncorroded
iron was used as background for the corroded interface and
submerged regions. The ATR—FTIR spectra of natural mineral
specimens were also collected for comparison using the bare
ATR cell as background. Mineral specimens were loaned from
the A. E. Seaman Mineral Museum at Michigan Tech.
Specimens of siderite (DM23948), aragonite (DM24902),
calcite (personal collection), lepidocrocite (DM22910), and
goethite (DM6809) were collected.

2.4. X-ray Photoelectron Spectroscopy. A PHI 5800
XPS instrument (PerkinElmer, Physical Electronics model)
was used to analyze the elemental composition of surface
species and their chemical states on different regions of the
polished iron samples after exposure to CaCl,(aq) and
NaCl(aq) electrolytes. The base pressure of the XPS
instrument was kept at ultrahigh vacuum (1 X 107° Torr)
pressures. A Mg anode (1253.6 €V) at 15 kV voltage was used
to analyze the surface of the iron samples used in the PM-
IRRAS experiments before and after corrosion. The analysis
diameter on the sample was 800 xm, 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°. Three
different regions on the iron surface were analyzed: (1) the
polished, uncorroded iron surface that did not come in contact
with the electrolyte, (2) the interface region that was analyzed
in the PM-IRRAS experiments, and (3) the region that was
submerged in the electrolyte solutions (see images in Figure
1A). Survey spectra were collected using a pass energy of
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187.85 €V, a step size of 0.8 eV, and a dwell time of 20 ms/
step.

High-resolution energy scanning was collected for the C 1s,
O 1s, Na 1s, Fe 2p, Ca 2p, and Cl 2p regions using a pass
energy of 23.50 eV, a step size of 0.1 eV, and a dwell time of
100 ms/step. XPS spectra of the natural mineral specimens are
shown in Supporting Information. The mineral specimens
were not sputtered as the sputtering was found to change the
stoichiometry of the elemental composition. All XPS spectral
peaks were fitted using CasaXPS software. A Shirley back-
ground was used for the baseline correction, and the peaks
were deconvoluted using 100% Gaussian lineshapes. All the
regions were charge-corrected with respect to the aliphatic
carbon in the C Is region at a binding energy of 284.6 eV.

2.5. Liquid AFM. The nanoscale topography of surface
corrosion on the Fe surface was studied by in situ liquid AFM.
Different concentrations of 1, 5, and 10 mM of NaCl(aq) or
CaCl,(aq) were applied to clean iron surfaces to monitor the
effects of varying concentrations of the electrolyte. All AFM
images were collected using the Asylum MFP-3D Origin AFM
instrument in a horizontal orientation, as shown in the images
in Figure 1B

Prior to corrosion, AFM images of the dry iron samples were
collected. The Fe sample was mounted to a glass slide using
carbon tape. The exposed parts of the glass slide were covered
with parafilm to prevent spilling of the liquid off the sample
stage. Aluminum-coated monolithic silicon tips (Tap300Al-G,
Budget Sensors) with a 40 N/m force constant and 300 kHz
resonant frequency were used to image the samples. The clean,
dry Fe surface was imaged using the tapping mode (AC Air
mode) of image sizes of 20 ym X 20 ym, 10 gm X 10 ym, and
S um X 5 pm, using an average scan rate of 1.0 Hz and 256
points per line. Slower scan rates (between 0.5 and 1.0 Hz)
were used to collect images of the iron surfaces after corrosion.

AFM of Fe surfaces were imaged in situ while exposed to
liquid solutions. Following the collection of the dry Fe surface,
approximately 60 uL of either the NaCl(aq) or the CaCl,(aq)
electrolyte solution was added to the Fe surface, creating a
bubble droplet on the Fe surface, as illustrated in Figure 1B. In
liquid, a gold- and chromium-coated cantilever (BL-TR400PB,
Asylum Research) was used in the tapping mode in the liquid
(AC water mode). A couple of 20 uL droplets of the
electrolyte were placed around the cantilever, to prevent the
production of bubbles during engagement. The cantilever was
immersed into the electrolyte solutions of 1, 5, or 10 mM at
the same location at which the AFM images were collected on
the dry Fe surface. AFM images of 10 ym X 10 gm and S pm
X § pm areas were continuously collected at an average scan
rate between 0.50-0.70 Hz and 256 points per line. The
corrosion of the Fe surface was imaged over time ranges
between 120 to 600 min. The electrolyte solutions were
exposed to the Fe surface for several hours as time permitted
during the experiment, which depended on how well the tip
could image in solution without losing tracking of the tip with
the laser: 4.7 h (1 uM CaCl,(aq)), 7.5 h (5§ mM NaCl(aq)),
4.5 h (S mM CaCl,(aq)), and S h (10 mM NaCl(aq)). Liquid
AFM images were also collected on an uncorroded Fe surface
using nanopure water, which served as a standard for
comparison between the AFM images collected in the
electrolyte solutions.

2.6. Ex Situ AFM: Air Oxidation of Iron. At the end of
the experiment, the electrolyte solution was rinsed off the iron
surface with nanopure water to remove excess particles not
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adsorbed to the surface. The sample was left to dry in air for 30
min prior to imaging. The corroded surface was imaged using
tapping mode in air to identify the changes in surface
topography after air oxidation. The baseline of all the images
was flattened using a third-order correction. The surface
roughness was analyzed by collecting the root mean square
(RMS) values of the Fe surface before, during, and after
corrosion using 1 gm X 1 pm sized boxes and averaging over
five areas in each AFM image.

3. RESULTS

3.1. Interfacial O, and CO, Adsorption on the Iron
Interface. The corrosion reaction of the polished iron
interface in the CaCly(aq) and NaCl(aq) electrolytes was
measured in three different stages: (1) PM-IRRAS of the iron
surface in either 10 mM CaCl,(aq) or the 10 mM NaCl(aq) at
the air/electrolyte/iron interface, (2) adsorption of atmos-
pheric O, and CO, (from air) by decreasing the volume of
solution in SO pL aliquots, and (3) oxidation in air (from
atmospheric O, and CO,) at the air/iron interface. First, the
PM-IRRAS spectrum of the clean, dry iron surface was
collected to confirm that foreign species were not present on
the surface and it was free of contamination. The polished Fe
surface has a native oxide layer present on the surface in
ambient conditions, which is not visible in the PM-IRRAS
spectrum. Iron samples were then vertically half submerged in
nanopure water. Only two reflectance peaks were observed,
from water stretching (VOH) between 3600 and 3200 cm™,
and water bending (JOH) modes between 1650 and 1620
cm™! which are attributed to liquid water, as observed in our
previous results."> No new reflectance peaks were observed
other than water vOH and 6OH modes within 1 h. These are
further supported by experiments in D,0O, where the vOD and
00D modes are only present when the solution is on the iron
surface (see Figure S2 in Supporting Information). Next, the
iron sample was submerged in either 10 mM CaCl,(aq) or 10
mM NaCl(aq), and PM-IRRAS spectra were continuously
collected until no further changes were observed in the PM-
IRRAS spectra (approximately 1—2 h) at the air/electrolyte/
iron interface, as shown in Figure 1, where zero minutes
represent when the sample was first submerged in the
electrolyte.

In stage 2, S0 uL aliquots of the electrolyte solution
(CaCl,(aq) or NaCl(aq)) were removed before collecting each
PM-IRRAS spectrum, shown in Figure 2. This allowed for
adsorption of atmospheric O, and CO, (from air) to the
electrolyte/iron interface and initiating the corrosion process.
Three distinct reflectance peaks were observed as CO, and O,
react with the iron surface, as given in Figure 2: 6OH modes,
vOH modes within the 3600—3200 cm™' region (see Figure
S1 in Supporting Information), and vCOjy stretching modes
from adsorbed carbonate species. The 6OH modes were
observed between the 1622 and 1633 cm™' region for Fe in
CaCl,(aq) compared to those observed between 1622 and
1665 cm™ for Fe in NaCl(aq). With increasing O, and CO,
adsorption and over time, the JOH modes remain constant
within the 1622—1635 cm™" region for Fe in CaCl,(aq) but
blue shifts from 1622 to 1665 cm™" for Fe in NaCl(aq). The
presence of the JOH mode and the vCOj stretching modes for
Fe exposed to CaCl,(aq) is attributed to growth of bicarbonate
species on the surface from adsorbed hydroxylated spe-

ies.**™** In comparison to Fe in NaCl(aq), the SOH mode
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Figure 2. PM-IRRAS spectra of iron in 10 mM (A) CaCl,(aq) or (B)
NaCl(aq) solution with adsorption of O, and CO, from air.
Reflectance spectra show the formation of CO; and hydroxyl
modes at both types of interfaces over time (in minutes). O, and
CO, in air were adsorbed to the air/electrolyte/Fe interface by
removing SO yL aliquots, and PM-IRRAS spectra were measured over
several minutes. Plot B is reproduced in part with permission from [de
Alwis, C.; Perrine, K. A, In situ PM-IRRAS at the air/electrolyte/solid
interface reveals oxidation of iron to distinct minerals. J. Phys. Chem. A
2020, 124 (33), 6735—6744] Copyright 2020 American Chemical
Society.

disappeared after the solution was removed and is attributed to
the presence of liquid water'® at the air/liquid interface.

It is evident in Figure 2A,B that the intensity of the SOH
mode gradually increases over time in both experiments. The
data suggest that as the aliquots of electrolytes (CaCl,(aq) or

NaCl(aq)) are removed, atmospheric O, or CO, from air
adsorbs to the interface region, resulting in hydroxylated
species on the surface from surface oxidation or from dissolved
species in the electrolyte. It is unclear if atmospheric CO,
adsorbs directly or quickly dissolves into solution creating
carbonic acid, HCO;~, or CO,*". Our previous results do not
show substantial growth of carbonates in nanopure water over
the same time period, so we attribute our results to dissolved
ions at the interface or direct adsorption of atmospheric CO,.
In the case of NaCl(aq), the SOH disappears, after the solution
is completely removed, showing that the peak is assigned to
liquid water. For iron in CaCl,(aq), the SOH mode continues
to grow as O, and CO, adsorb to the interface region in Figure
2A. During the adsorption process, the surface of the iron
becomes rough, affecting the reflection of the IR beam and
distorting the Bessel function shape in both experiments
(shown in Figures S2 in Supporting Information). This
distortion of the Bessel function of iron in CaCl,(aq) is
more severe compared to iron in NaCl(aq) and could be due
to the growth of an insoluble film, attenuating the reflected
light to the detector. Apart from the hydroxyl surface species,
broad ¥CO; modes are shown between 1470 and 1502 cm™"
for Fe in CaCl,(aq) from bidentate binding and sharp ©CO,
modes are shown between 1415 and 1430 cm™ for Fe in
NaCl(aq), suggesting a monodentate binding."’

The peak areas for the SOH (or §OD) and vCO; modes
were fitted from the spectra in Figure 2 and other experiments
(see Supporting Information) with Gaussian curves. The peak
areas were normalized to the maximum peak area of the air-
oxidized areas in Figure 3, defined as the relative coverage, 6.
This allowed for tracking the rate of formation of the carbonate
mineral growth at the iron interface. The coverage of the peak
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Figure 3. Peak area analysis for the surface coverage of the SOH or the SOD mode for Fe in (A) 10 mM CaCl,(aq) and (B) 10 mM NaCl(aq) and
the coverage of the CO; mode for Fe in (C) 10 mM CaCl,(aq) and (D) 10 mM NaCl(aq). The coverage was computed using the total peak area
for each mode divided by the maximum peak area during air oxidation. Color scheme: (blue circles) Fe (99.99%) in CaCl,(aq), (light blue
triangles) Fe (HP, 99.995%) in CaCl,(aq), (blue squares) Fe (99.99%) in D,0—CaCl,(aq), (red circles) Fe (99.99%) in NaCl(aq), (yellow
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Figure 4. Air oxidation of iron exposed to (A) CaCl,(aq) and (B) NaCl(aq). The blue spectrum is the last spectrum in solution before completely
removing all the solution for air oxidation. Peak area plots shown to the right of the spectra show little change over time after air exposure, (C)
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oxidation of iron to distinct minerals. J. Phys. Chem. A 2020, 124 (33), 6735—6744] Copyright 2020 American Chemical Society.

areas is plotted as a function of time and shown for the SOH or
00D modes in Figure 3A,B and vCO; modes in Figure 3C,D
during air (O, and CO,) adsorption, where time 0 is the first
50 uL aliquot of the electrolyte removed. Figure 3 illustrates
the variation of atmospheric O, and CO, adsorption on four
different types of experiments: (1) two experiments for Fe
(99.99%) exposed to each electrolyte, (2) Fe exposed to each
electrolyte dissolved in D,0, and (3) high-purity Fe (HP Fe,
99.995%) exposed to each electrolyte solution. For all types of
experiments, the variation of both areas (§OH, 60D, or vCO5)
during O, and CO, adsorption to produce surface carbonates
in both CaCl,(aq) and NaCl(aq) increased over time. It
should be noted that as these experiments were performed in
air, a constant concentration of 760 Torr of air consisting of
20% O, and 0.04% CO, is being adsorbed over a finite area
(analysis area of the PM-IRRAS signal). Therefore, the flux of
atmospheric O, and CO, gas being adsorbed is constant to the
surface and is plotted over time.

The area under the SOH or 6OD mode on both iron
samples (iron and HP iron and for experiments for electrolytes
in D,0) increases quickly for iron in CaCl,(aq) in Figure 3A
but increases gradually for Fe in NaCl(aq) in Figure 3B. The
onset of corrosion for Fe in NaCl(aq) began prior to removing
the solution at zero minutes. This can be observed in our
previous study that prior to removing solution and adsorbing
0, and CO,, the SOH and vCO; modes appear.'® For Fe in
NaCl(aq), when O, and CO, are adsorbed, the area of the
SOH mode initially increases (as the surface hydroxylation
produces more hydroxyl groups on the Fe surface) and then
decreases, due to the thinning of the liquid layer as the solution
was removed gradually. For Fe in CaCl,(aq), the curve for the
O0OH coverage plateaus after 60—80 min. These hydroxyl
groups are basic and react directly with atmospheric CO,(g) to
form surface carbonates at the interface region. It should be
noted that the electrolyte solutions were not sparged of
dissolved O, or other gases. It is possible that atmospheric O,
and CO, are adsorbing into the electrolyte thin film at the
interface and reacting with the surface to produce surface
carbonates. In previous benchmark experiments (see Support-
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ing Information) ' in nanopure water with no ions, no surface
carbonates or oxides were observed in the same time frame of
the PM-IRRAS experiments. Our measurements show clear
indication of surface oxidation to carbonates.

Figure 3C,D shows the change in the vCO; peak area
coverage as a function of time for iron surfaces in CaCl,(aq)
and NaCl(aq), respectively. Similar to the plots in Figure 3A,B,
the coverage of the #CO; mode quickly increases for Fe in
CaCly(aq) compared to the gradual growth of carbonate
(CO,) for Fe in NaCl(aq). In the presence of CaCl,(aq), the
CO; layer forms quickly on the Fe interface, in Figure 3C, as
compared to the rate of formation of FeCO; in Figure 3D.
This suggests that once the CO; film is grown, the interface is
saturated with COj, resulting in a plateau in Figure 3C. This
difference in rate in Figure 3C and spectroscopic signatures in
Figure 2A may be due to the formation of a different type of
carbonate, such as CaCO;(s) at the interface, compared to the
gradual and steady increase in #COj; coverage in Figure 3D for
FeCOjy (siderite). Further evidence is shown visually in the
video recording (see Supporting Information) on high purity
(HP) iron, where HP Fe exposed to CaCl,(aq) corrodes
quicker and comes to a saturation point, but in NaCl(aq), the
corrosion and mineral growth on the Fe surface continue
gradually in air.

The overall analysis of the JOH and vCOj; modes suggests
that carbonate films are grown at a faster rate on the HP iron
(HP Fe, 99.995%) exposed to CaCl,(aq) and air (O, and
CO,) compared to the iron (99.99%) sample. This difference
can be attributed to the increased concentration of trace
anticorrosion metals (Cr, Ti, or Mo) present in the iron
(99.99%), which slows the oxidation of the surface. The SOH
coverage from Fe in CaCl,(aq) also continues to grow, owing
to a hydroxylated carbonate/bicarbonate film at the interface,
suggesting that this JOH could also be from bicarbonate OH
groups and not liquid water, as was shown for Fe in
NaCl(aq)."

3.2. Air Oxidation of Iron. After the electrolytes were
completely removed from the iron interface, the surface was
allowed to oxidize in air from exposure to atmospheric O, and
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CO,. The PM-IRRAS spectra were collected continuously until
no further spectral changes were observed, as shown in Figure
4A,B, where time zero is the first spectrum collected after all
the electrolyte was removed. The PM-IRRAS spectra collected
at the air/electrolyte/Fe interface for iron exposed to 10 mM
CaCly(aq) show three peaks in Figure 4A. The peak at 1646
cm™! is assigned to SOH modes of hydroxylated species from
either HCO,;~ on the iron surface (or partially due to
remaining adsorbed water on the Fe surface). The other two
peaks are observed at 1504 and 885 cm™!, assigned to the
asymmetric #CO; mode and the §CO; deformation mode,
respectively.””** The broad vCO; mode that appears at 1420
cm™! is blue shifted to 1504 cm™ as the Fe surface oxidizes in
air, likely due to the restructuring of bonding modes
(monodentate, bidentate, and bridged) of carbonate on the
Fe surface. In parallel, the intensity of the SOH mode at 1630
cm™" decreases as the adsorbed water layer evaporates during
air oxidation but does not completely disappear as was shown
for Fe in NaCl(aq)."® Another mode is observed at 712 cm™
that is assigned to the vCa—O mode, suggesting that Ca is
grown into the oxide on the surface.*®*’ This observation
indicates that bicarbonates are present after adsorption of
atmospheric CO, on the hydroxylated Fe surface to form
CaCOj; or FeCO;. The PM-IRRAS spectra of Fe exposed to 10
mM NaCl(aq) is shown for comparison in Figure 4B. The two
major peaks that appear between 1530 and 1510 cm™ and at
886 cm™! were previously assigned to the vCO; mode and the
deformation mode of FeCOj, respectively. The presence of the
vCO; and vCa—O modes indicates that both CaCOs(s) and
FeCO;(s) are both grown on the surface at the air/electrolyte/
Fe interface.

The corrosion process is dynamic during air oxidation,
leading to a restructuring process of the FeCOj; into
monodentate carbonates from CO, adsorption. Figure 4C,D
shows the variation of COj; coverage on Fe exposed to
CaCly(aq) and NaCl(aq) during air oxidation. Figure 4C
illustrates the variation of CO; adsorption on four Fe samples
exposed to CaCl,(aq) under three different surface conditions:
(1) two Fe (99.99%) samples exposed to CaCl,(aq), (2) Fe
exposed to CaCl, dissolved in D,0, and (3) HP (99.995%) Fe
exposed to 10 mM CaCl,(aq). All data show that the COj,
surface coverage increases slightly over time from additional
oxidation, but the rate of CO, adsorption has flatlined. Similar
results are observed for the CO; coverage on Fe exposed to
NaCl(aq) in Figure 4D: (1) two Fe (99.99%) samples exposed
to NaCl(aq), (2) Fe exposed to NaCl dissolved in D,0O, and
(3) high purity (HP, 99.995%) Fe exposed to 10 mM
NaCl(aq). The rate of formation of CO; over time is small
within the time period of the experiment as the surface may be
saturated with CO; species and no more reaction sites are
available for additional atmospheric CO, or CO;*~ adsorption.
It is also possible that multilayer carbonate films grown on the
surface have a significantly slower growth rate in air compared
to ionic carbonate species in the electrolyte solution.

3.3. Ex Situ Analysis of Post Air Oxidation. After PM-
IRRAS, ex situ analysis of the iron samples was conducted
using ATR—FTIR spectroscopy and XPS to analyze the
differences of surface species and elemental composition
between the interface region and the region submerged in
electrolyte solutions (see Figure 1A). There were three visually
distinguishable regions on iron surfaces used for the PM-
IRRAS experiments: the interfacial region (air/electrolyte/Fe),
the submerged area in electrolyte (CaCl,(aq) or NaCl(aq))
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solution, and the polished (noncorroded) area that was kept
above the electrolyte level during the PM-IRRAS corrosion
experiments.

The ATR—FTIR spectra in Figure 5 of the interface in
spectra SA and SC and in the submerged region in spectra SB
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Figure 5. ATR—FTIR spectra of the interface vs submerged region
spectra for corroded iron surfaces, compared to natural mineral
specimens for identification of vibrational modes. (A) Interface region
of iron exposed to CaCl,(aq), (B) submerged region of iron exposed
to CaCly(aq), (C) interface region of iron/NaCl(aq), (D) submerged
region of iron/NaCl(aq), (E) polished iron, (F) siderite, (G)
aragonite, (H) calcite, (I) lepidocrocite, and (J) goethite. Arrows
point to the region collected on samples in photographs. Spectral
intensities are multiplied for qualitative comparison with corrosion
products on the iron surfaces.

and 5D are shown for both Fe samples exposed to CaCl,(aq)
or NaCl(aq) compared to natural mineral specimens (SF—J)
and the polished Fe surface prior to corrosion (SE). The
interface regions for iron exposed to either electrolyte show
clear evidence of growth of carbonate mineral films from the
exposure of atmospheric CO, to the air/electrolyte/Fe
interface. These spectra are compared with ATR—FTIR
spectra of carbonate minerals, (SF) siderite (FeCO;), (SG)
aragonite (CaCO;), (SH) calcite (CaCO;), and with iron
oxyhydroxide minerals, (5I) lepidocrocite (y-FeOOH), and
(8J) goethite (a-FeOOH). The polished Fe surface (SE) has
only the presence of a native oxide and hydroxide species,
which have smaller features compared to the visible spectra
from the corrosion products in spectra SA—D.

At the interface, signature #CO; modes at 1393 cm™' for
CaCO; on iron in CaCl,(aq) in spectrum SA and at 1409 cm™!
in NaCl(aq) in spectrum SC are similar to the vibrational
signatures for the minerals in spectrum SF siderite (1419
cm™'), spectrum SG aragonite (1440 cm™), and spectrum SH
calcite (1399 cm™'). Other key vibrational signatures of
CaCOs; are observed in spectrum SA at the interface region at
1090, 871, and 711 cm™', in agreement with the natural

https://doi.org/10.1021/acs.jpca.1c06451
J. Phys. Chem. A 2021, 125, 8047—-8063


https://pubs.acs.org/doi/10.1021/acs.jpca.1c06451?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06451?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06451?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.1c06451?fig=fig5&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.1c06451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

Table 1. ATR—FTIR Spectroscopic Vibrational Modes and Assignments

sample region vOH vC=0 60H vCO;, 7-FeOOH 6-FeOOH 6CO;, vFeO vCaO
Fe(HP)/CaCl,(aq) interface 1796 1393 1090 871 711
submerged 3138 1638 1484, 1351 1160 1019 892 742
Fe(HP)/NaCl(aq) interface 3280 1620 1409 877, 837
submerged 3113 1633 1470, 1350 1160 1021 744
aragonite mineral 1788 1440 1082 854 711, 700
calcite mineral 1798 1399 871 711
siderite mineral 1419 875 742
lepidocrocite mineral 2840 1139 1018 893 746
goethite mineral 3075 1653 1441 1113 889 789

mineral spectral features of aragonite and calcite.””** On the
Fe surface exposed to NaCl(aq) in spectrum SC, FeCO; is
formed as a corrosion product (SF), as shown from the
observed vCO; and 6CO; modes at 1409 and 877 cm™,
respectively.”®*' The carbonate film formed on the Fe
interface in the presence of CaCl,(aq) (spectrum SA) can be
assigned to the growth of CaCOj, a visible white film that was
observed at the interface. The additional observation of
vCa—O modes at 711 cm™" agrees with the assignment.A'O’42
We can identify that Fe exposed to CaCl,(aq) produces either
aragonite, calcite, or a combination of the two at the air/
electrolyte/Fe interface and iron exposed to NaCl(aq)
produces siderite (FeCO;).

In the submerged region of the Fe surface that was not
detected by PM-IRRAS in Figure SB,D, a combination of
carbonate and hydroxide vibrational modes is observed,
suggesting the growth of lepidocrocite and a different form
of iron hydroxide carbonate. These modes and assignments are
listed in Table 1. Strong evidence for distinct carbonates®** is
observed at 1350 and 1470 cm™' in spectrum SB for Fe
exposed to CaCl,(aq) and in spectrum SD for FeCOj for iron
exposed to NaCl(aq). In the submerged region in both
electrolytes, similar vibrational signatures are also observed
that resemble the signature of lepidocrocite (spectrum SI).
These modes at 1018 cm™ and 746 cm™ are from the y-
FeOOH mode and the vFeO mode, respectively, along with
vOH modes suggesting that lepidocrocite is produced.

3.3.1. XPS Analysis. The interface, submerged, and polished
Fe regions of both types of samples were analyzed using XPS
of the C Is, O 1s, and Cl 2p regions, shown in Figure 6A—E.
The uncorroded, polished iron surface prior to exposure to the
electrolyte solutions is covered with a thin native oxide/
hydroxide layer. These peaks are identified in the O 1s region
in Figure 6E: iron oxide (Fe—0), Fe hydroxide (Fe—OH), and
adsorbed water (H,0). After Fe is exposed to the electrolyte
solutions of CaCl,(aq) or NaCl(aq), new features appear at
binding energies of 529.0—529.6 eV, attributed to iron oxide
(Fe—0), in agreement with binding energies collected for
lepidocrocite and goethite mineral samples** (see Figure S5 in
Supporting Information). Adsorbed surface carbonate (CO,)
is observed at higher binding energies near 531.5—531.9 eV
assigned to CaCOj; and at 530.8 eV for FeCO;, similar to those
for calcite and siderite (see Figure $5).%% 1t is difficult to
distinguish surface carbonate from hydroxylated species (Fe—
OH), as both O 1s binding energies from Fe—OH and CO,
overlap within $31.0—-532.0 eV.*”** Therefore, we have
assigned just one peak in the O 1s region for representing
both OH and COj species.

Evidence of surface carbonate is also observed on all Fe
surfaces exposed to either electrolyte in the C 1s region at
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290.1 eV or bicarbonate at 290.8 eV, respectively. These
surface species were also observed for calcite, siderite, and
aragonite minerals at 288.6—291.0 eV (see Figure S6 in
Supporting Information) and in agreement with the afore-
mentioned PM-IRRAS and ATR—FTIR analysis. The binding
energy in the C s region for (6C,D) Fe exposed to NaCl(aq)
was found at 289.3 eV for FeCO; and at 290.3 eV for CaCO,
(6A,B) for Fe exposed to CaCl,(aq). On a clean Fe surface, no
carbonate was detected in the C 1s region, in Figure 6E. Other
common features in the C 1s region were adventitious carbon
at 284.6 eV, alcoholic (C—O) species at 286.0 eV, and
carbonyl (C=O0) species at 288.1 €V, as shown in Figure
6.45:46:49,50

The spectra in the CI 2p region of Fe surfaces exposed to the
electrolytes are shown in the last panel in Figure 6, where two
types of chlorides were detected on both the interfacial region
and the submerged region of the iron surface. The primary
species for the Cl 2p*? peak is located at a binding energy of
198.5 eV is assigned to Ca—Cl species for iron exposed to 10
mM CaCl,(aq) in Figure 6A,B.** The second Cl 2p*? peak
is located at 200.1 eV is assigned to an Fe—Cl species, as
chloride has high affinity to iron metal producing either FeCl,
or FeCl;.** In the Cl 2p region, two peaks were also observed
for Fe exposed to 10 mM NaCl(aq) in Figure 6C,D, at 198.1
eV in agreement with the binding energy of Cl—Na in
NaCl(aq)”" and at 199.5 eV, which is due to a Cl—Fe species.
Because iron has a higher oxidation state (Fe’* or Fe®")
compared to Na’, the Cl 2p3/ % values of Fe—Cl should be
shifted toward higher binding energies compared to Na—Cl or
Ca—Cl as observed in XPS data. Signals from the CI~, Ca™,
and Na" ions were detected as surface species as these samples
were not rinsed after PM-IRRAS experiments before collecting
XPS spectra.

The polished iron (noncorroded area) surface should not
contain any chloride as it did not have any direct contact with
the electrolytes. A small amount of chloride was observed,
from residual exposure leftover from the polishing procedure
or salt residue (Figure 6E). Significant concentrations of
chloride are observed at the interface region exposed to
CaCly(aq), compared to any other region, due to twice as
much chloride present in the electrolyte compared to
NaCl(aq). The binding energies were also analyzed for the
Na Is, Ca 2p, Fe 2p regions and compared to the XPS spectra
of the natural mineral specimens. The areas of Ca 2p and Na
1s regions were analyzed (shown in Figure S7—S9 in the
Supporting Information section) and confirmed the presence
of residual NaCl in the Na 1s region at 1071.0—1071.9 eV and
CaCl, or CaCO; at 347.4—347.6 eV. The CaCl, and CaCO,
have very close Ca 2p*? binding energies within the 347.6—
347.9 eV region, which make it difficult to precisely distinguish
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Fe exposed to CaCl,(aq) (green), (B) submerged region of Fe exposed to CaCl,(aq) (purple), (C) interface region of Fe exposed to NaCl(aq)
(blue), (D) the submerged region of Fe exposed to NaCl(aq) (red), and (E) polished iron surface (gray). Results indicate a large concentration of
CO; species on the samples exposed to CaCl,(aq) and NaCl(aq), relative to the C—H peak and the Fe—O at interface and submerged regions.
Larger concentrations of ClI species are also observed at interface and submerged regions.

Table 2. XPS Ratios Quantifying the O/Fe, C 1s CO;/Fe, and Cl/Fe Ratios and O 1s CO;/Fe

elemental peak area ratios

CO,4(C 1s)/ CO4(C 1s)/ CO, (O 1s)/ Cl 2p/ Ca 2p/ Na 1s/ total O 1s/
sample region Fe 2p Ca 2p Fe—0O (O 1s) Fe 2p Fe 2p Fe 2p Fe 2p
CaCl,/Fe interface 1.78 0.43 3.38 3.99 4.14 10.73
submerged 0.48 0.50 1.38 0.38 0.96 S.10
NaCl/Fe interface 1.23 1.19 0.08 1.74 4.90
submerged 0.86 0.86 0.09 1.54 4.06
polished Fe n/a 0.04 0.34 0.66 0.05 0.11 3.44
aragonite 0.60
calcite 1.03
siderite 0.81 2.41 5.06
goethite 4.07
lepidocrocite 1.06 16.92
between these surface species.””*® The binding energy of species are normalized to either the Ca 2p total area or the
Ca(l, is reported at 348.0 eV and CaCOj is reported at 346.6 Fe—O peak area in the O 1s region to compare the relative
eV.>> The bindin§ energy for CaCOyj falls within the 346.5— concentrations of carbonate on the surface after the PM-
3479 eV region,5 which differs from the polymorphic type of IRRAS experiments. The relative concentration of ions from
CaCOsj; such as calcite and aragonite, shown in Figures S7B Cl7, Ca**, and Na" were also assessed to determine the
and $9B.°>*® The Na 1s and Ca 2p regions show the presence differences of ions at the interface regions compared to the
of leftover NaCl and CaCl, at both the interface and the submerged region.
submerged regions. The Fe 2p region in Figure S8 shows the The ratios of carbonate to iron (CO;/Fe) and carbonate to
presence of iron oxide (Fe"/Fe’*) and metallic Fe° prior to calcium (CO;/Ca) show that the interface region of Fe
corrosion. After exposure to NaCl(aq), only a reduction in exposed to both electrolytes have more carbonates compared
signal was observed. When Fe was exposed to CaCl,(aq), the to the submerged region from adsorption of atmospheric CO,.
Fe’ site at 706 eV disappears, owing to the transformation to The CO;/Fe or CO;/Ca ratio should be 1:1 if FeCO;,
oxidized Fe and growth of CaCO; on the surface. These (siderite) or CaCO; (calcite or aragonite) is formed at the
spectra are compared to the Fe-containing mineral specimens, interface. However, differences in this ratio arise from the
goethite, lepidocrocite, and siderite XPS spectra in the Fe 2p sensitivity factor correction for each XPS region or from the
region in Figure S9A. growth of a thin film. The CO; peak in the O 1s region at
The relative peak areas of the XPS spectra for the C 1s, O 1s, 531.5—-531.9 eV includes both signals from surface CO; and
Ca 2p, and Fe 2p regions were analyzed and are shown in from surface OH species. This species was normalized to the
Table 2 in comparison to the XPS ratios from the mineral Fe—O (oxide) species at 529.0—529.6 eV, which indicates a
specimens. The peaks areas from the high resolution spectra relatively large concentration at the interface region compared
were normalized to the area of the entire Fe 2p region. Also, to the submerged region. Iron oxides (total O 1s/Fe 2p ratio)
the peak areas that are assigned to the carbonate (CO;) surface are present at both the interface and the submerged regions of
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Figure 7. Iron surfaces in (A) nanopure water, (B—E) S mM CaCl,(aq), and (F—I) S mM NaCl(aq). Representative images and photographs are

shown as a function of time (minutes) in solution.

the samples, suggesting that additional oxidation of iron occurs
after corrosion. A larger amount (4X) of Ca (Ca 2p/Fe 2p)
and Cl (CI 2p/Fe 2p) was observed at the interface region
compared to the submerged region, whereas for Na (Na 1s/Fe
2p), the same relative amount was observed at the interface
compared to the submerged region. This suggests that Ca®"
ions have a preference for the air/electrolyte interface and
could play a role in the formation of CaCOj.

A separate experiment was carried out to assess the presence
of the ions and carbonate species after rinsing with nanopure
water (not shown). A large amount of surface carbonates
(from the C 1s region) was observed after rinsing and
oxidizing in air for both Fe samples exposed to the electrolyte
solutions. The Na was rinsed off in the process, but Ca and Cl
remained on the surface, suggesting that the surface carbonates
are grown onto the Fe surface. In summary, carbonates and
chlorides are present on the iron surface after corrosion in the
CaCly(aq) and NaCl(aq) electrolytes, in agreement with the
PM-IRRAS and ATR—FTIR spectra shown in Figures 4 and S.

3.4. AFM of Surface Corrosion. In order to further
investigate the early stages of surface corrosion, the Fe surface
was exposed to each diluted electrolyte solution and the
surface topography was measured using in situ liquid AFM, as a
function of time (in minutes). Figure 7 shows representative
AFM images and camera images of Fe exposed to 5 mM
CaCl,(aq) and S mM NaCl(aq). It should be noted that AFM
imaging in solution is quite challenging with loose particles in
the droplet on the surface, as particles were found to float in
solution and attract to the cantilever, thus affecting the tracking
of the tip with the laser. The corrosion was too fast to observe
in 10 mM concentrations with AFM; therefore, diluted
solutions were used during the in situ liquid AFM measure-
ments. Solutions of 1, 5, and 10 mM electrolyte concentrations
were tested on new Fe surfaces, for every experiment. Only
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data are presented where sets of images for both CaCl,(aq)
and NaCl(aq) at the same concentration were successfully
obtained.

Figure 7A shows the Fe surface in nanopure water, which
did not exhibit any surface corrosion. Upon exposing the Fe
surface to S mM CaCl,(aq), as shown in Figure 7B—E, the
particles appeared to grow from 10 nm in height (7B) into
larger particles: 156 nm (7C), 317 nm (7D), and 164 nm (7E)
in height. The surface was exposed to the solution for a total
time of 275 min. This is in contrast to the Fe surface in § mM
NaCl(aq), shown in Figure 7F—I, and small particles of 30 nm
in height are initially observed in Figure 7F, followed by an
increase in height over time: 51 nm (7G), 49 nm (7H), and 68
nm (71). The total time the Fe surface was in solution was for
459 min. For both exposures, it can be seen from the optical
images that the surface corroded over time, where the largest
particle growth on the Fe surface was from exposure to
CaCl,(aq).

The surface roughness (RMS values) was evaluated to
estimate the physical changes of the surface for iron in each
solution from the AFM images, as shown from the plot in
Figure 8. The average RMS was evaluated on all collected
images using a 1 gm X 1 pm box size to average over several
spots and plotted as a function of time (open markers). The
start time (zero minutes) is the time the droplet of electrolyte
solution was placed on the clean Fe surface. The RMS is an
estimate of the corrosion rate, where pitting of the surface,
dissolution of the Fe*, and deposition of particles in solution
contribute to the physical changes of the surface. From Figure
8, we observe that the Fe surface exposed to CaCl,(aq) had 3x
faster rate of change of the surface roughness compared to Fe
in NaCl(aq), by evaluation of the slope from linear regression
(not shown). This may be due to the fact that more Cl~ ions
and total charge are present in CaCl,(aq) compared to the
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Figure 8. Plot of RMS of AFM collected on Fe in CaCl,(aq),
NaCl(aq), or nanopure water. These values are compared to the dried
Fe surface after exposure to CaCl,(aq),NaCl(aq) or nanopure water.
The RMS plot shows that the rate of corrosion for the Fe surface in 5
mM CaCl,(aq) (blue triangles) is faster compared to the Fe surface in
S mM NaCl(aq) (red squares) and the Fe surface in water (black
diamonds). The inset shows a zoomed-in plot of the RMS values from
the Fe surface in the electrolytes. The filled-in markers are RMS
measurements for each respective Fe surface oxidized in air.

NaCl(aq), which can increase electron transfer in the redox
reactions. It is known that the CI™ ions initiate the corrosion by
breakdown of the native oxide layer.>* It should be noted that
these experiments are different than the PM-IRRAS experi-
ments, as these measure the surface corrosion in solution in a
horizontal orientation (see Figure 1B) without gradual air
adsorption. In this way, different information on the physical
changes of the surface is obtained in the submerged region of

the sample about how the electrolytes affect the surface
corrosion.

After in situ corrosion experiments using AFM, the samples
were rinsed with water and dried in air, allowing for the surface
to oxidize from exposure to atmospheric O, and CO,. These
measurements were collected just after the liquid imaging on
the same day. The RMS roughness measurements in liquid
(open markers) are compared to the RMS of the oxidized Fe
surfaces (filled in markers) in the same plot, where the markers
are shown at a much later time period. Upon oxidation in air,
the Fe surface exposed to S mM CaCl,(aq) had the highest
average RMS roughness value of 77 + 34 nm, compared to the
S mM NaCl(aq) that had a corresponding RMS value of 26 +
9 nm. The RMS values for S mM CaCl,(aq) reached the peak
roughness value after about 2 h, while the S mM NaCl(aq)
reached the peak roughness value after about 3 h. This implies
that changes in the surface roughness, an estimate of the
corrosion rate, on the Fe surface is faster in CaCl,(aq).

3.4.1. Ex Situ AFM Images of Fe Surfaces after Air
Oxidation. After the imaging in the electrolytes, the surface
was rinsed with nanopure water and oxidized in air (dried)
prior to AFM imaging to prevent dragging of loose debris left
over from the liquid phase. It should be noted that any product
that was not chemically bound to the surface would have been
removed during the rinsing process. The ex situ AFM images
revealed that different types of morphologies resembling
minerals were produced from the surface oxidation, as shown
in Figure 9. These images were collected from several different
concentrations (1, S, and 10 mM) of both electrolytes that
were separately applied to the Fe surface for different lengths
of time, as described in the Methods section.

A) 1mM GaCl2(aq) B) 5mM CaCl2(aq)

F) 1mM NaCl(aq)

G) 5mM NaCl(aq)

C) 5mM CaCl2(aq)

H) 5mM NaCl(aq)

D)10 mM CaCl2(aq) E) water

1) 40 mM NaCl(aq) J) 10 mM NaCl(aq)

Figure 9. AFM images of Fe after air oxidation after exposed to (A) 1 mM CaCl,(aq), (B,C) S mM CaCl,(aq), (D) 10 mM CaCl,(aq), (E)
nanopure water, (F) 1 mM NaCl(aq), (GH) S mM NaCl(aq), and (IJ) 10 mM NaCl(aq). Camera images are shown above each AFM image.
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Strand-like features were observed for Fe exposed to 1 mM
CaCl,(aq) with dimensions of 200—260 nm in width in Figure
9A. Two separate experiments of the Fe surface exposed to §
mM CaCl,(aq) produced hexagonal-shaped platelets with
diameters ranging between 150 and 360 nm and are observed
in Figure 9B,C, resembling features similar to green rust, a
double-layered Fe hydroxy carbonate mineral.***>~>” Different
strand-like features of 120—188 nm in width were observed for
the Fe surface exposed to 10 mM CaCl,(aq) in Fi%ure 9D,
having similarities to those observed for lepidocrocite.”®” The
image of the Fe surface in water and dried in air is shown in
Figure 9E for comparison, where no features resembling
corrosion were observed.

The AFM images in Figure 9F—] show topographical
features of corroded Fe after exposure to different concen-
trations of NaCl(aq). After exposure of Fe to 1 mM NaCl(aq)
for 3 h, Figure 9F, elongated grain-like features between 716
and 806 nm in width were observed similarly to features
observed for goethite (a-FeOOH).®® We cannot confirm that
goethite was produced on the surface from the ATR—FTIR
spectroscopy results in Figure 5. However, AFM is more
sensitive to the top layers of the surface changes compared to
the depth resolution (several ym) of ATR—FTIR spectrosco-
py, and it is possible that some goethite may be produced upon
air oxidation. Upon exposure of the Fe surface to the higher
concentration of S mM NaCl(aq) in Figure 9G—H, hexagonal
platelets of lengths between 500 and 626 nm in diameter were
observed, as resulting corrosion products of the reaction. When
the Fe surface was exposed to 10 mM NaCl(aq), Figure 91]
reveals two distinct morphologies, a strand-like morphology
that is similar to lepidocrocite®®" and conformal platelets,
respectively. The Fe surface was exposed to the 10 mM
NaCl(aq) for 2 h and 35 min for 91 and S h and 4 min for
images in Figure 9]. These results may suggest that the rate of
change of surface roughness depends on the electrolyte
concentration and exposure time may have an effect on the
resulting morphology.

Similar features were observed from the Fe surface exposed
to S mM CaCl,(aq) or NaCl(aq) in Figure 9B,C,G,H. These
hexagonal platelets are similar to a chloride/carbonate species
(Fe,(OH)4Cl-nH,0/[Fe4(OH);,][CO;-nH,0]) that has been
observed as “green rust”.*9°00%63 I that study, the green
rust was observed as an intermediate state that transformed
later into Fe oxyhydroxides.>>®® In our observations, we
observe similar morphologies but no evidence of a visible green
color on the surface, suggesting that it is possible that we
observe an hydroxy carbonate material,"*** in agreement with
our ATR—FTIR spectra in Figure SB,D.

The hexagonal platelets produced in Figure 9B,C after
exposing the surface to S mM CaCl,(aq) are similar to those
observed for the Fe surface to exposed to NaCl(aq). The
corrosion products observed from the AFM images of Fe
exposed to 10 mM CaCl,(aq) show similar features to that of
the Fe surface exposed to 10 mM NaCl(aq) (Figure 9L]J).
These features presented in the AFM images were observed on
a spot on the surface that was fully submerged and exposed to
air only after rinsing the solution. Therefore, we can conclude
that a heterogeneous mixture of minerals is shown to nucleate
on the surface at different stages during the corrosion since
different solution concentrations and submersion times were
used. These differences in the observations over time are
attributed to the fact that the concentration of the solution is
related to the corrosion rate, where the higher the solution
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concentration, and therefore the ionic strength, the higher the
conductivity of the electrolyte, the faster the charge transfer,
and the faster the corrosion.

During corrosion, multiple pitting events on the surface are
created, leading to more dissolution of Fe?*.'>'* After enough
time, the dissolved Fe" ions aggregate and precipitate out of
solution, resulting in corrosion deposition (as shown in the
optical images in Figures 7 and 9). This pitting and
redeposition of precipitated products at higher concentrations
leads to more nucleation sites for crystal growth on the surface.
Once the surface was rinsed and exposed to air, the Fe surface
oxidizes in the presence of O, and CO, to produce the
morphologies resembling the aforementioned minerals. These
are possible explanations for why we observe different
morphologies on the surface after corrosion at different
solution concentrations.

4. DISCUSSION

In this project, we studied the influence of CaCl,(aq) and
NaCl(aq) on Fe surface corrosion at the air/electrolyte/iron
interface under ambient conditions using PM-IRRAS to
observe the chemical changes. The ex situ post analysis of
samples using ATR—FTIR spectroscopy, XPS, and AFM also
complemented the PM-IRRAS spectra in identifying the
composition of corrosion products. The physical changes of
the Fe surface corrosion were imaged using AFM in liquid and
in air. Based on our observations, we summarize why CO,
adsorption and mineral formation at the air/electrolyte/Fe
interface is different than corrosion on iron surfaces submerged
in electrolytes at the liquid/solid interface and how our
observations lead to understanding the corrosion mechanism.
Below, we propose surface reactions based on our observations
that are summarized in the schematic in Figure 10. Some
dissolved species, such as O,, OH™, and Fe**, are omitted for
simplifying the surface reaction.

In this study, the effect of CaCl,(aq) and NaCl(aq)
electrolytes was measured on the surface corrosion of Fe
with an emphasis on the role of the cation. Both these
electrolytes contain CI”, an ion known to catalyze surface
corrosion by initiating the pitting events, but different
countercations, Ca®>* and Na*. Although their solution
concentrations and cation concentrations are the same, there
is twice as much chloride in CaCl,(aq) compared to that of
NaCl(aq). Therefore, it is expected that the surface roughness
would change more rapidly in CaCl,(aq) compared to
NaCl(aq). In addition, the 10 mM CaCl,(aq) has more ions
and a higher rate of charge transfer, and therefore, CaCl,(aq)
was found to have the higher rate of corrosion as measured by
surface roughness using AFM.

It is known that the CI™ leads to pitting of the native oxide
film, initiating corrosion of the surface. A higher CI”
concentration in CaCl,(aq) leads to a higher number of
pitting sites on the surface, which act as active sites for
corrosion due to local acidification within the pit," >~
increasing the rate of corrosion,”* as observed in the in situ
liquid AFM measurements. Additionally, by increasing electro-
lyte concentrations, more nucleation sites were produced and
subsequent air oxidation of the iron surface resulted in
different mineral growth morphologies. This may be depend-
ent on the time the surface was exposed to the electrolyte,
other dissolved species in solution, and the concentration of
the solution, which affect the rate of corrosion.
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Figure 10. Schematic of the proposed mechanism for iron surface corrosion and mineral growth: (A) CaCOj is produced at the Fe interface in
CaCl,(aq), (B) FeCOj is produced at the Fe interface in NaCl(aq), and (C) a heterogeneous mixture of -FeOOH and an Fe hydroxy carbonate
(Fe,(OH),CO;) is produced in the submerged region of the solution. (Red—oxygen, gray—carbon, and light gray—hydrogen). (Image is not

drawn to scale.)

After pitting through the native oxide layer into the metallic
Fe surface, it is known that the Fe” is oxidized to Fe** (at the
anode) and reacts with dissolved OH™ or surface OH™ species
(from the cathode reaction of dissolved O, and H,0). The CI~
also has a high affinity to bind with Fe, producing Fe
complexes (FeCl,) that dissolve into solution. These dissolved
Fe®" species from the surface affect the topographical changes
observed in the AFM images and show that the Fe surface
corrodes at different rates, which may depend on the number
of ions in solution and the total charge (ionic strength). During
corrosion, in the submerged region in Figure 10C (from the
AFM images), the higher the concentration of ions of the
solution, the higher the conductivity, and this increases the rate
of the corrosion as observed in the RMS analysis. Although we
cannot directly tie the surface roughness to chemical identity,
the ATR—FTIR spectroscopy results show the oxidation of the
Fe surface to a heterogeneous mixture of lepidocrocite and an
Fe oxyhydroxide carbonate, which does not depend on the
cation. This is the initial step for the reaction at the interface
and in the submerged regions, as illustrated in row C of Figure
10.

At the air/electrolyte/iron interface, differences in the
surface chemistry are observed.

4.1. Interfacial Oxidation of the Fe Surface in
CaCly(aq). In the redox reaction, the Fe?* is created at the
anode, with dissolved O, and water producing OH™ at the
cathode. On the surface, the Fe® sites are converted to Fe?*
sites upon reaction (as shown in Figure S8) to produce
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Fe(OH),, as given in Figure 10A—C. At the air/CaCl,(aq)/Fe
interface, we propose that these OH sites easily react with
dissolved Ca’* to produce the Ca(OH), as an intermediate as
observed from the presence of the Ca—O at 711 cm™ in the
vibrational spectroscopy results. The resulting Ca(OH), is
more reactive toward atmospheric CO,,>”*** as calcium is
known for a strong adsorption of CO, and used as a natural
mineral for CO, sequestration technologies.””*”° In stage 2,
the electrolyte is removed and the interface region is
immediately exposed to air, allowing the sample to oxidize
further. In this stage, it is probable that atmospheric CO,
enters into the ultra-thin meniscus layer, where dissolved
HCO;™ or CO,* species reacts with the surface. Since our
previous results in nanopure water (see Supporting Informa-
tion in ref 13) show little presence of surface-adsorbed
carbonates, we suggest that the surface carbonates are
produced from reaction of surface Fe(OH), with the Ca*
ions, allowing for facile HCO;™ production (pH = 5.4) or
direct atmospheric CO, adsorption to the Fe interface. After
surface carbonate is grown, an insoluble CaCO;(s) film serves
as a temporary protective layer, slowing corrosion at the
interface. This was observed as a visibly white film at the
interface (Figures 1 and SA) that acts as a physical barrier to
further oxidation from O,(g). This film growth observation is
supported by the presence of strong #CO; modes of CaCOj; in
the PM-IRRAS and ATR—FTIR spectra (at 1420—1450
cm™'). The XPS results also confirmed the presence of
calcium and carbonates at the interface region. These results at
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the interface may also suggest that Ca** has a preference for
the air/electrolyte/Fe interface that has a higher adsorption of
CO, at the interface compared to the region submerged in the
electrolyte.

4.2. In the Submerged Region of Fe in CaCl,(aq). The
primary surface species observed is y-FeOOH, lepidocrocite,
with a minor composition of an Fe hydroxide carbonate, as
observed in the ATR—FTIR spectra in Figure 5B, Table 1, and
the AFM images in Figure 9A—D. In the submerged region of
the Fe surface, the fundamental corrosion reactions (Figure
10C) initially begin the same as the interfacial reaction. The
difference in these results in the region submerged in the
electrolyte is that atmospheric CO, is not gradually adsorbed
onto the surface from the lack of air exposure during the
corrosion reaction, as illustrated in Figure 1B. Here, the
entrance for atmospheric CO, is at the edges of the droplet.
Although a small amount of atmospheric CO, dissolves in the
solution to form HCO;~ or CO;* species and is present in all
the solutions, the concentration of them is very low and may
not be sufficient for a significant formation of surface
carbonate. Here, dissolved O, and H,O play a larger role in
the cathodic reaction, in the oxidation and corrosion of the
iron surface to y-FeOOH.

After the CaCl,(aq) electrolyte is removed and the sample is
exposed to air, atmospheric CO, can react with the already
produced y-FeOOH in the (formerly) submerged region,
which may explain the presence of minor carbonate species, as
shown in the ATR—FTIR spectroscopy results. Previous
studies have shown that the CO, uptake onto iron oxides is
enhanced by a very thin layer of adsorbed water on the
oxides.’® This may be why the interface, where a thin water
film is present and CO,, can easily dissolve into the ultrathin
meniscus film (see Figure 1A), produces CO;*~ or HCO;~
ions to react with surface hydroxyl species and promote the
growth of CaCOj. In this case, the entrance of CO, into
solution is in the meniscus region (as shown in Figure 1A).
However, in the droplet case, the entrance for atmospheric
CO, is from the sides of the droplet (Figure 1B and video
timelapse). When atmospheric CO, was exposed to the
submerged region in stage 3, in the droplet case or the lower
region of the sample submerged in PM-IRRAS experiments,
the formation of CaCO; was suppressed due to the lack of
gradual exposure to atmospheric CO, or dissolved carbonate
ions. This allowed for atmospheric O, and CO, to react
quickly with Fe(OH), to produce y-FeOOH and an Fe
hydroxy carbonate species (Fe,(OH),CO;),****** as summar-
ized in Figure 10C.

4.3, At the Fe Interface Exposed to NaCl(aq). Surface
carbonates are produced for the similar reasons as at the air/
CaCl,(aq)/Fe interface from atmospheric O, and CO,
adsorption into the NaCl(aq) electrolyte during oxidation of
the surface,"® shown in Figure 10B. In this case, Na® acts as a
spectator ion, unlike for Ca?", and gradual atmospheric CO, is
adsorbed to the interface region, where either CO, or dissolved
HCO,™ or CO,*" species react with Fe(OH), sites to produce
FeCO, (siderite). We can surmise that the Fe>" ion is the more
reactive Fe species and contributes to the formation of
carbonates and hydroxides. The rate of formation of FeCOj; at
the Fe interface is initially slower than the rate of formation for
CaCO; for Fe exposed to CaCly(aq), as observed from the
PM-IRRAS results in Figure 3 and the video timelapse (see
Supporting Information and Figure S3), but continues to grow
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multiple layers during air oxidation after the electrolyte layer is
removed.

4.4. In the Submerged Region of Fe Exposed to
NaCl(aq). The same lepidocrocite (y-FeOOH) and the Fe
hydroxy carbonate species (Fex(OH)yCO3) were grown as the
primary corrosion products, similarly to Fe in CaCl,(aq), from
reaction with Fe(OH),,**** as shown from the same
vibrational signatures in the ATR—FTIR spectra (Figure
5B,D). We believe that this is a similar mechanism for Fe in
both electrolytes in the submerged region of the solution, as
shown in Figure 10C. Evidence of similar features are observed
in the AFM images for both electrolyte solutions (Figure 9F—
J) after air oxidation, suggesting that the cation identity does
not play a role in forming the same minerals in the submerged
region of the solution. Additionally, we observed similar
features in the AFM images after air oxidation in stage 3 at
different electrolyte concentrations, at 1, S, or 10 mM (Figure
9). This might originate from the rate of pitting increasing at
higher concentrations (and higher C17), which leads to more
high-surface-area active sites for adsorption of dissolved
(CO,>, HCO; ™, and OH™, O,) species or upon air exposure,
from atmospheric O,, and CO, to form y-FeOOH and the
Fex(OH)yCO3 minerals.

Only at the interface region in the PM-IRRAS experiments
at the air/electrolyte/Fe interface, unique carbonate minerals
are grown, from gradual exposure of the electrolyte to
atmospheric CO, and O,. This also suggests the preference
for the Ca’** ions to adsorb at the air/electrolyte interface,
which react quickly to form the CaCOj; films in CaCl,(aq)
compared to FeCO; in NaCl(aq), where Na* acts as a
spectator ion. At the interface, we observe how the cation
identity in the electrolyte with atmospheric gases impacts the
growth of the carbonate film. Since the CaCl,(aq) has more
CI™ ions and more charge compared to NaCl(aq), corrosion
and oxidation occur quickly in CaCl,(aq) but come to a
saturation point as observed in the PM-IRRAS coverage
analysis and video timelapse (see Supporting Information and
Figure S3) recording. In NaCl(aq), the rate of oxidation and
mineral growth is gradual and continues beyond the timing
observed for CaCl,(aq). These studies demonstrate that the
initial stages of corrosion and oxidation in different electrolytes
impact the carbonate formation from CO, adsorption and
influence mineral formation at complex interfaces. Further
investigations are needed to measure surface chemistry of how
ions and complex interfaces affect fundamental growth
processes for reactions in the environment, especially for
chemistries impacting surface corrosion, redox processes, and
CO, capture for sequestration.

5. CONCLUSIONS

The interfacial and atmospheric corrosion of iron was studied
under two different electrolytic environments, in CaCl,(aq)
and NaCl(aq). The PM-IRRAS spectra of atmospheric O,(g)
and CO,(g) adsorption and oxidation in air at the iron
interface were collected as a function of time. The topo-
graphical changes that occur on the iron surface exposed to
CaCly(aq) and NaCl(aq) were monitored using in situ AFM
liquid imaging and ex situ AFM air imaging. The post analysis
of corroded iron samples was performed using XPS and ATR~—
FTIR techniques to confirm the corrosion product and mineral
composition.

The in situ PM-IRRAS spectra and ex situ ATR—FTIR
spectra of the air/electrolyte/Fe interface reveal that different
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mineral carbonate films are produced that are unique to the
electrolyte composition. At the Fe interface exposed to
CaCly(aq), calcium carbonate (CaCO,;) was produced,
identified as a combination of aragonite and calcite. When
the iron surface was exposed to NaCl(aq) and air, siderite
(FeCO;) was produced. This suggests that the insoluble
CaCO; has been deposited on the iron surface, which can act
as a temporary protective layer against further oxidation to y-
FeOOH. This protective layer avoids further immediate
oxidation from O,, thus slowing the surface corrosion. Reasons
for these unique carbonate films were attributed to Na* that
acts as a spectator ion and Fe®* that acts as the reacting cation
species, producing siderite, while interfacial Ca®" reacts with
atmospheric CO, or dissolves species to produce the calcite
and aragonite layer at the interface.

Similar minerals, lepidocrocite (y-FeOOH) and a hydroxy
carbonate (Fex(OH)yCO3) mineral, were produced on the Fe
surface completely submerged in either CaCl,(aq) or NaCl-
(aq) electrolyte, as identified by ATR—FTIR spectroscopy and
XPS. The morphology of the surface changes indicated a
heterogeneous mixture of these minerals was grown on the Fe
surface, as observed from ex situ AFM. These findings were
also due to the increased oxidation in solution and the lack of
gradual adsorption of carbonate ions or atmospheric CO,. The
surface roughness, an estimate of the corrosion rate, was found
to increase with the number of CI” ions and total charge in
solution, but the same mixture of surface morphologies was
produced in both electrolytes. These studies are important
toward understanding nucleation and mineral formation by
reactions in complex environments and also show that the
electrolyte composition highly influences the type of mineral
grown.
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