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b IFP Energies Nouvelles, Rond-point de l’échangeur de Solaize, BP 3, 69360 Solaize, France
c Univ. Lyon, INSA-Lyon, MATEIS UMR CNRS, Bât Blaise Pascal, 7 Avenue Jean Capelle, F-69621 Villeurbanne Cedex, France

A R T I C L E I N F O

Keywords:
Carbon steel
Magnetite
Electrochemical impedance spectroscopy
Electrodeposition
Localised corrosion
CO2 corrosion

A B S T R A C T

Magnetite (Fe3O4) corrosion product surface layers can limit uniform corrosion rates of carbon steel in aqueous
carbon dioxide (CO2)-saturated environments. However, as Fe3O4 is a semiconductor, localised corrosion can
proceed due to galvanic interaction between the Fe3O4 layers and bare steel. In this study, metal dopants were
integrated into Fe3O4 layers to mitigate the effects of localised corrosion, whilst maintaining its protective barrier
properties. Model Fe3O4 and metal-doped Fe3O4 layers were electrodeposited on carbon steel and immersed in a
pH 5, 1 wt% sodium chloride (NaCl), CO2-saturated, 50 ◦C solution. Under the conditions studied, the incor-
poration of magnesium into the Fe3O4 layer resulted in reduced localised corrosion when the 3D surface profiles
of the underlying carbon steel were measured using white light interferometry.

1. Introduction

Magnetite (Fe3O4) is an inverse spinel crystalline iron oxide with
electrical semiconductor and magnetic properties (Verwey and Heil-
mann, 1947). Fe3O4 layers can form naturally on steel surface under
certain conditions, and are widely found on iron-based materials in a
number of applications, including on carbon steel in carbon dioxide (CO2)
saturated environments (Hua et al., 2019; Thorhallsson et al., 2020; de
Motte et al., 2020; Barker et al., 2018; Mundhenk et al., 2020; Tanu-
pabrungsun et al., 2013), stainless steel and carbon steel in nuclear ap-
plications (Jaffré et al., 2021; Song et al., 2018) and on carbon steel in
anoxic environments (Mercier-Bion et al., 2018). Fe3O4 behaves as both
an N or P-type semiconductor, having a reported resistivity of the order of
10–2 to 10–1 Ω cm and a band gap of 0.1 eV (Itai et al., 1971; Xu and
Schoonen, 2000). The intrinsic semi-conductive properties of the Fe3O4
layers on steel surfaces are important in the study of corrosion, as Fe3O4
can readily establish a galvanic couple with the less noble steel substrate.
This leads to aggressive enhanced corrosion rates of the bare (i.e., un-
covered by Fe3O4) carbon steel in instances where there is partial
coverage of the layer (Hua et al., 2019; Song et al., 2018; Gonzalez et al.,
2021; Owen et al., 2022a). Despite the consequences associated with
localised corrosion in the presence of Fe3O4 layers in CO2-saturated en-
vironments (Hua et al., 2019; Owen et al., 2023), there is still a lack of
consensus around the role that Fe3O4 plays on both uniform and localised

corrosion of carbon steel under these conditions. Furthermore, to our
knowledge there have been no known attempts to modify the structure of
the Fe3O4 layer with corrosion protection in mind. This study addresses
such possibilities, motivated by the success associated with iron car-
bonate (FeCO3) corrosion product layer modification that has resulted in
enhanced corrosion protection of carbon steel (Shaikhah et al., 2022).

Structural modification of corrosion layers on carbon steel surfaces
can result in significantly different physical properties and corrosion
protection characteristics. This process can be engineered, whereby a
dopant is added to the local environment and integrated within the layer
(Shaikhah et al., 2022), or occur naturally, due to the presence of metal
ions in solution (Hua et al., 2018) and/or metal alloying elements (Ko
et al., 2015). CO2 corrosion environments, such as those found in
geothermal energy extraction, typically contain a wide range of metal
cations that can integrate within corrosion product layers, such as
magnesium (Hua et al., 2018), calcium (Matamoros-Veloza et al., 2020;
Shamsa et al., 2019; Jacklin et al., 2022), manganese (Mundhenk et al.,
2013), copper and zinc (Sanjuan et al., 2016), to name a few. The
composition of Fe3O4 can be influenced by these metal ions (Suresh
et al., 2016), which can have a significant influence on layer conduc-
tivity (He et al., 2013), and crystal structure and morphology (Owen
et al., 2023), which in turn has an important influence on galvanic
corrosion with carbon steel (Owen et al., 2022a, 2023). The possible
benefits to corrosion protection of modified Fe3O4 layers on carbon steel
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surfaces are yet to be studied in detail but are common in other appli-
cations, such as nanoparticle development for catalysts (Orooji et al.,
2020) and medical coating applications (O’Hara et al., 2016; de Mello
et al., 2019).

Of particular interest in this study is the role of modified Fe3O4
surface layers on carbon steel in CO2 corrosion environments. CO2
corrosion occurs because of CO2(g) dissolving in water to form carbonic
acid, which partially dissociates to produce hydrogen ions (H+) and
carbonate species. When galvanic corrosion proceeds in the presence of
electrical conductivity between Fe3O4 and bare carbon steel, H+ is
reduced at the Fe3O4 surface in the cathodic reaction:

2 H+
(aq) + 2 e− →H2(g) (1)

Consequently, the anodic dissolution of the bare steel surface is
enhanced, producing iron cations (Fe2+) via the anodic equation, sum-
marised by:

Fe(s)→Fe2+
(aq) + 2 e− (2)

The general mechanism of Fe3O4 formation in a CO2 system (i.e.,
conditions favourable to the production Fe2+ cations via Eq. (2)) is
attributed to the following reaction:

3 Fe2+
(aq) + 4 H2O(aq)→Fe3O4(s) + 8 H+

(aq) + 2 e− (3)

In aqueous CO2 conditions, Fe3O4 is commonly found at tempera-
tures >120 ◦C, near-neutral pH and lower partial pressures of CO2,
becoming more thermodynamically stable as temperature increases
(Tanupabrungsun et al., 2012). The formation of Fe3O4 on carbon steel
surfaces in CO2 environments is also occasionally observed concomi-
tantly with FeCO3 growth at temperatures <120 ◦C (de Motte et al.,
2020; Basilico et al., 2021; Han et al., 2009). The reasons for the lack of
understanding of Fe3O4 behaviour are, therefore, potentially explained
by the high temperatures necessary to produce Fe3O4 layers in CO2
environments and the simultaneous growth/revealing of other surface
layers, such as iron carbide (Fe3C) (Owen et al., 2022a; Crolet et al.,
1998; Farelas et al., 2010) and FeCO3 (Hua et al., 2019; de Motte et al.,
2020; Tanupabrungsun et al., 2013), making it difficult to attribute
corrosion mechanisms to Fe3O4 alone. An alternative method to produce
Fe3O4 layers on carbon steel surfaces in short periods at ambient pres-
sure in controlled environments is via electrodeposition (Song et al.,
2018; Owen et al., 2022a). The application of a cathodic potential for 30
min to an electrode immersed in a 2 M sodium hydroxide (NaOH),
triethanolamine (TEA), ferric sulphate (Fe2(SO4)3) solution produces
crystalline Fe3O4 on the electrode surface with varying characteristics,
depending on the solution temperature (60–90 ◦C) (Kothari et al., 2006).
This technique has been used to electrodeposit Fe3O4 on carbon steel
(Song et al., 2018; Owen et al., 2022a; Jeon et al., 2015), stainless steel
(Kulp et al., 2009), nickel alloys (Goujon et al., 2015) and gold (Kulp
et al., 2009; Bhat et al., 2017) substrates. Another major advantage of
this technique is that the electrolyte composition can be varied to pro-
duce mixed metal Fe3O4 layers (Beal et al., 2017).

The general mechanism proposed for the electrodeposition of Fe3O4
is that the Fe3+ ions are complexed by TEA and subsequently reduced to
Fe2+ at the substrate surface upon the application of a potential (Kulp
et al., 2009; Lê et al., 2019). Complexed Fe3+ remains in solution near to
the substrate surface, resulting in the formation of Fe3O4, incorporating
both Fe2+ and Fe3+ in the crystal structure, via Reaction (5) (Bhat et al.,
2017):

Fe(III) − TEA + e− ⇋Fe(II) − TEA (4)

Fe(II) − TEA + 2 Fe(III) − TEA + 8 OH− ⇋ Fe3O4 + 3 TEA + 4 H2O
(5)

In this study, Fe3O4 layers and Fe3O4 modified through the incorpo-
ration of metal ions into the crystal structure and formed by electrode-
position were evaluated for corrosion protection of carbon steel in

CO2-saturated environments. The addition of manganese, magnesium
and zinc metal ions into the Fe3O4 was investigated. These metals were
chosen based on previous doped magnetite electrodeposition studies and
successful complexation of their metal ions in TEA (Beal et al., 2017;
Ishikawa et al., 1999; Sen and Dotson, 1970; Karadag et al., 2001; Switzer
et al., 2010). However, literature reporting on mixed Fe3O4 layers formed
on carbon steel surfaces is scarce, and there are no reported studies on the
influence of such layers on corrosion behaviour. The electrodeposited
layers on carbon steel were characterised using surface analytical tech-
niques before immersion in an aqueous CO2-saturated environment to
assess the extent of corrosion protection provided by the modified layers.
In-situ electrochemical measurements and post-experimental surface
analysis were performed to characterise the general and localised
corrosion behaviour of the underlying carbon steel.

2. Experimental procedure

2.1. Material preparation

The X65 carbon steel used in this study had a ferrite-pearlite micro-
structure and composition (wt%) of Fe (97.8), C (0.15), Mn (1.42), Ni
(0.09), Nb (0.054), Mo (0.17), Si (0.22), V (0.06), P (0.025) and S (0.02).
Coupons were machined into 6 mm thick discs (dia.=12 mm). To facili-
tate electrochemical measurements by using the carbon steel coupons as
working electrodes, an insulated copper wire was soldered to the reverse
side of the coupon before embedding in a non-conductive epoxy resin
(resulting an exposed surface area of 1.13 cm2). Coupons were prepared
for experiments by wet grinding using P180, P320 and P600 grit silicon
carbide (SiC) paper progressively, before rinsing with acetone and
deionised water, prior to drying with compressed air.

2.2. Electrodeposition

For electrodeposition of Fe3O4, coupons were immersed in a 2 M
NaOH, 1 M TEA, 0.043 M hydrated Fe2(SO4)3 solution, heated to 80 ◦C in
a glass beaker placed on a hot plate. The solution was gently stirred using
a magnetic stirrer. A cathodic potential of − 1.05 V vs. silver/silver
chloride (Ag/AgCl) reference electrode was applied to the X65 steel
coupon (used as the working electrode), utilising a combination Ag/AgCl
reference and platinum (Pt) counter electrode to complete the three-
electrode cell. Within an applied potential range from − 1.00 VAg/AgCl to
− 1.05 VAg/AgCl, the structure and composition of electrodeposited Fe3O4
layers has been shown not to vary significantly when deposited on
stainless steel (Kulp et al., 2009) and nickel-based alloys (Goujon et al.,
2015). On stainless steels within this potential range, Kulp et al. (2009)
showed using Mossbauer spectroscopy that the proportion of Fe3+ in
tetrahedral sites of the Fe3O4 crystal structure accounted for 26%–29% of
the overall crystal composition, with the remainder split between Fe2+

and Fe3+ in octahedral sites. At more cathodic potentials, the proportion
of Fe3+in octahedral sites was significantly reduced (below − 1.05
VAg/AgCl, attributed to enhanced reduction of Fe3+ at the substrate surface
and sulphate green rust is produced (below − 1.10 VAg/AgCl) or pure iron
deposited (below − 1.20 VAg/AgCl) (Kulp et al., 2009). To create mixed
Fe3O4 layers, the alternative metal sulphates were mixed in solution with
the Fe2(SO4)3 at a ratio of 25 mol% of metal sulphate to 75 mol%
Fe2(SO4)3 in a one-step electrochemical-chemical deposition process (He
et al., 2013). Hydrated magnesium sulphate (MgSO4), zinc sulphate
(ZnSO4) and manganese sulphate (MnSO4) were used in this study.

To optimise the deposition protocol when metal dopants were added to
the solution, cyclic voltammetry (CV) measurements were performed in
the same experimental conditions. A gold electrode (surface area 0.02 cm2)
was employed as the working electrode as part of a three-electrode cell and
stirring was stopped prior to starting measurements. A scan rate of 50 mV/s
in a potential range from − 0.4 VAg/AgCl to − 1.2 VAg/AgCl was utilised. Re-
sults are shown in the Supplementary Material. As the NaOH-TEA solution
is electrochemically inactive (Kulp et al., 2009), any reduction and
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oxidation events were attributed to reactions occurring at the surface
involving the complexed metal ions to form Fe3O4 or doped Fe3O4. CV
results confirmed that the same cathodic potential of − 1.05 VAg/AgCl could
be applied to the X65 steel coupon to electrodeposit the doped Fe3O4
layers.

2.3. CO2 corrosion experiments

After the layers had been electrodeposited, coupons were removed
from the electrodeposition solution, dried using a heat gun (to minimise
solution contamination during further experiments) and transferred into
a glass beaker, shown in Fig. 1, containing a 600 mL deionised water, 1 wt
% sodium chloride (NaCl) solution, saturated with CO2-saturated and
adjusted to pH 5 with a fixed quantity of sodium hydrogen carbonate. The
solution was prepared by bubbling CO2 into a sealed container for a
minimum period of 12 h prior to transfer of the solution into the exper-
imental beaker shown in Fig. 1 under the pressure of the CO2 gas. The test
coupons were immersed in the solution once the temperature reached 50
◦C, controlled by flow from an oil bath around the jacketed glass cell. The
solution pH was confirmed once the solution was heated to 50 ◦C using an
automatic temperature compensation pH probe. Layered coupons were
compared against the behaviour of a bare X65 carbon steel coupon under
the same conditions over 4 h and 24 h of immersion.

In the pH 5, 50 ◦C conditions, the dissolution of Fe3O4 was antici-
pated due to the temperature and pH being lower than those typical for
Fe3O4 formation in CO2-saturated environments (Sweeton et al., 1970).
However, localised corrosion is most likely to occur when only partial
coverage is achieved on the surface. Partial coverage would be expected
in conditions where the layer is growing or where the layer has been
removed from the surface through chemical dissolution, with the latter
scenario created at pH 5 and a temperature of 50 ◦C in a CO2-saturated
solution. Furthermore, these conditions avoid the growth of FeCO3
layers on the surface in atmospheric pressure CO2-saturated conditions,
due to the high concentrations of Fe2+ required to achieve supersatu-
ration and hence precipitation of FeCO3 (Barker et al., 2018). This was
particularly relevant during experiment design to avoid ambiguity
during the interpretation of data. Furthermore, this solution chemistry
also enabled a direct comparison to be made with other studies by the
authors (Owen et al., 2022a). As growth of Fe3O4 is not expected in these
conditions, the durability of the layers could be thoroughly evaluated.

Experiments were also performed using bare carbon steel to enable a
direct comparison to be made with the layered coupons.

2.4. Electrochemical techniques

To complete the three-electrode cell, an Ag/AgCl reference electrode
and Pt wire counter electrode were used and connected to a potentiostat
(Biologic). The X65 steel working electrode (with and without electro-
deposits) was placed adjacent to the reference and counter electrodes to
minimise ohmic drop during electrochemical measurements. Linear
polarisation resistance (LPR) measurements were performed every 2 h
(starting after 15 min of immersion) by scanning from − 15 mV to+15 mV
vs. open circuit potential (OCP) at a scan rate of 0.25 mV/s. Electro-
chemical impedance spectroscopy (EIS) measurements were performed
after LPR measurements (and a 5 min period to allow OCP to stabilise) by
applying a sinusoidal potential between ±10 mV vs. OCP over a fre-
quency range from 20,000 Hz to 0.01 Hz, with 10 measurements per
frequency decade. The raw data was initially analysed by performing a
Kramers-Kronig transformation in EC-Lab software, utilising the meth-
odology of Boukamp (1995), to identify erroneous data points to be
removed from further analysis. Equivalent electrical circuits were then
constructed and the values of the components of the circuits were deter-
mined using Measurement Model software (Watson and Orazem, 2020).

Potentiodynamic polarisation measurements at the end of 4 h and 24 h
experiments (undertaken in separate experiments with different dura-
tions) enabled a comparison of the anodic and cathodic behaviour of the
layered coupons, by scanning from +5 mV to − 250 mV vs. OCP during
the cathodic scan, followed by scanning from − 5 mV to +250 mV vs. OCP
at a scan rate of 0.5 mV/s. OCP was monitored in between all measure-
ments, including a 5 min period between the cathodic and anodic
potentiodynamic polarisation scans. Surface analysis was not performed
on coupons that were subject to potentiodynamic polarisation
measurements.

2.5. Surface analysis

Surface analysis of electrodeposited coupons was performed to
characterise the nature of the formed layers before and after CO2 corro-
sion experiments. Coupons, utilised for EIS and LPR measurements only,
were removed from the electrodeposition solution, immediately dried,
broken out of the epoxy resin and stored under vacuum until analyses
were performed. XRD patterns were obtained on a 10 mm×10 mm
region in the centre of the coupon using a Bruker D8 diffractometer,
scanning across a 2 θ range of 20◦ to 70◦ at a step size of 0.032 ◦/s.
International Centre for Diffraction Data (ICDD) references were used
to identify Fe3O4 (00-001-1111), MnFe2O4 (01-071-4919), MgFe2O4
(00-036-0398) and ZnFe2O4 (00-001-1109) peaks.

An FEI Helios G4 CX DualBeam FIB-SEM was utilised to obtain top-
view and cross-section SEM images of the coupons in secondary electron
mode at an operating voltage of 5.0 kV and working distance of 4 mm.
Coupons were carbon coated before mounting in the instrument. To
cross section the coupons, a Pt layer was deposited first on the top
surface using a gallium ion beam at an operating current of 0.23 nA,
before a series of cross-sectioning (operating current 21 nA) and surface
cleaning (operating current 2.5 nA) were performed using the ion beam,
orientated at 52◦ to the coupon. These processes enabled a 15 μm wide,
10 μm deep cross section to be imaged using SEM. Images of the cross-
sections were obtained using the gallium ion beam at an operating
current of 7.7 pA.

Localised corrosion information was obtained by profiling the sur-
face of the carbon steel surfaces under the layer. Firstly, layers were
removed by sonicating coupons in a hydrochloric acid solution con-
taining the corrosion inhibitor hexamethylenetetramine, according to
ASTM International standard G1-03 (2017). The coupons were removed
from the solution, cleaned with deionised water, and dried prior to
analysis. Three 1×1 mm2 regions of the carbon steel surface were

Fig. 1. Experimental setup for CO2 corrosion assessment of bare carbon steel
and Fe3O4 layers.
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scanned using a Bruker NPFLEX white light interferometer to obtain a
3D profile of the surface. Raw data were filtered using the Vision64
software and pit-like features were identified on the surface by imple-
menting threshold depth criteria. Based on the method implemented by
Shamsa et al. (2019), the top ten deepest pit-like features were selected,
with an average of those values taken to determine a penetration depth.

3. Results and discussion

3.1. Characterisation of electrodeposited layers

To establish Fe3O4 and doped Fe3O4 layers on carbon steel surfaces,
X65 carbon steel coupons were immersed in the gently stirred electro-
deposition solution. Upon immersing the coupon, a constant potential of
− 1.05 VAg/AgCl was applied for a period of 30 min to electrodeposit the
Fe3O4 and mixed Fe3O4 layers. The chronoamperogram for each elec-
trodeposited layer is shown in Fig. 2, reported as an average of at least
three measurements with error bars representing the standard deviation.
Relatively constant current densities were observed throughout the 30
min period.

Once the layers had been deposited, coupons were removed from
solution and prepared either for ex-situ analysis to characterise the na-
ture of the electrodeposited layers or for immersion experiments. XRD
patterns were obtained to confirm the crystalline structure of the layers,
with diffractograms presented in Fig. 3. At a 2 θ position of ≈ 45◦, the
peak for α-Fe was observed on all coupons, representing the carbon steel
substrate. The most dominant peaks on the electrodeposited Fe3O4
diffractogram were the (311) at 2 θ ≈ 35◦ and (400) at 2 θ ≈ 43◦ crystal
planes. Diffraction patterns were similar between all the materials
analysed. Due to the similarity in ICDD references between Fe3O4 and
mixed metal Fe3O4, notable differences were not anticipated. However,
the addition of metal dopants into the crystal structure resulted in
broadening, shifting and/or additional peaks observed in Fig. 3(b) and
(c). Small peak shifts were also observed in another study where metal
dopants (Zn, Mn) were integrated into the Fe3O4 structure (de Mello
et al., 2019).

SEM and FIB analysis of the electrodeposited layers were performed
to characterise the surface coverage, layer thickness and nature of the
crystal structure in Fig. 4. A wide coverage of closely packed crystals was
observed in the layers across the surface area in all electrodeposited

coupons, with no obvious regions of exposed steel. For undoped Fe3O4, a
mixture of larger crystals (≈ 4 μm in average lateral size) and smaller
crystals closer to the surface (<1 μm in average lateral size) was
observed consistently across the surface. The physical characteristics of
the Fe3O4 layer were very similar to those formed naturally in 48 h on
X65 carbon steel under aqueous CO2 conditions representative of
geothermal environments (pH 7.5, 45 bar, 0.3 wt% NaCl, 250 ◦C) (Owen
et al., 2023). The thickness of the Fe3O4 layer, as determined by FIB
imaging, was approximately 2.1±0.6 μm. For each coupon investigated,
the microstructure of the underlying carbon steel could be observed
because of etching from the ion beam. Near to the surface at the inter-
face with the Fe3O4 layers, a thin region of finer crystals is observed due
to work hardening of the surface during wet grinding prior to
electrodeposition.

The addition of metal ions into the crystal structure of the Fe3O4 had

Fig. 3. XRD patterns collected from Fe3O4 and doped Fe3O4 layers electrodeposited on X65 carbon steel surfaces in 2 M NaOH, 1 M TEA solutions at 80 ◦C containing
metal sulphates showing (a) the full scan range, (b) detailed analysis of the (311) peak and (c) detailed analysis of the (400) peak.

Fig. 2. Chronoamperogram of Fe3O4 and doped Fe3O4 electrodeposition on
X65 carbon steel at a potential of − 1.05 mV vs. Ag/AgCl over a period of 30
min in 2 M NaOH, 1 M TEA solutions at 80 ◦C containing metal sulphates.

J. Owen et al.
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a significant effect on the characteristics of the layers. Similar changes in
Fe3O4 crystal morphology have been reported upon the addition of small
quantities of other metal ions (Co, Cu, Cr) (Ishikawa et al., 1999).
Generally, the doped magnetite layers showed elongated, columnar
structures. The Mg-doped Fe3O4 layer was composed of similar crystals
to the Fe3O4 layer, but with fewer larger crystals (about 1.3 μm in
average lateral size) and a greater proportion of smaller crystals (<1 μm
in average lateral size). The thickness of the Mg-doped Fe3O4 layer, was
approximately 2.7±0.2 μm, similar to the thickness of the Mn-doped
Fe3O4 layer, which had a thickness of 2.8±0.3 μm. The effect of Mn
doping produced mainly small-sized crystals (about 0.75 μm in average
lateral size), with few larger crystals. Zn doping had the most significant
effect on the layer characteristics, causing a considerable change in the
habit of the crystals and the form of the overlayer, with an average
lateral size of 2.1 μm. The produced layer was also considerably thicker

than the other layers, with a thickness of 7.5±0.3 μm determined from
FIB imaging.

3.2. CO2 corrosion evaluation

Corrosion experiments were subsequently performed on bare X65
carbon steel and with the electrodeposited layers to evaluate the corro-
sion resistance provided to the X65 carbon steel substrate. The electro-
deposited layers were prepared immediately before each experiment and
were not reused in any experiment. The behaviour over a 24 h period in
the pH 5, CO2-saturated solutions measured by LPR is shown in Fig. 5.
Results are reported as the reciprocal of charge transfer resistance (Rct),
to avoid introducing inaccuracies through the determination of a Stern-
Geary coefficient that would likely vary during the experiments. In this
initial approach, the parameter of 1/Rct is directly proportional to

Fig. 4. (a, c, e, g) SEM top view and (b, d, f, h) gallium beam images obtained after FIB cross-sectioning of the electrodeposited layers on carbon steel surfaces,
showing (a, b) Fe3O4-layered X65, (c, d) Mg-doped Fe3O4-layered X65, (e, f) Mn-doped Fe3O4-layered X65 and (g, h) Zn-doped Fe3O4-layered X65 coupons.

J. Owen et al.
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corrosion rate. The value of 1/Rct was determined by subtracting the
electrolyte resistance (Re), obtained from EIS measurements (reported
later), from polarisation resistance (Rp) measurements. An average of 1/
Rct is reported from a minimum of two repeat measurements, with error
bars representing the maximum and minimum values. The bare X65
carbon steel showed a marginal increase in 1/Rct throughout the
experiment, attributed to the progressive revealing of the Fe3C network
from the carbon steel microstructure as a result of preferential dissolu-
tion of the ferrite phase (Farelas et al., 2010; Owen et al., 2022b).

When comparing measurements during the first 4 h of the experi-
ment, carbon steel layered with Fe3O4, Mg-doped Fe3O4 and Zn-doped
Fe3O4 experienced a reduced corrosion rate, attributed to the protec-
tion provided by the layers. The Fe3O4 and Mg-doped Fe3O4 showed
similar behaviour, reducing 1/Rct by approximately 60–80% compared
to bare steel, before 1/Rct gradually increased. These values were
equivalent to bare carbon steel after approximately 12 h. The layers,
therefore, showed limited durability due to conditions being more
favourable for the dissolution of Fe3O4 as opposed to its growth. How-
ever, the harsh conditions for Fe3O4 stability enabled the relative resil-
ience of each layer to be assessed. Zn-doped Fe3O4 also provided some
corrosion protection, in a similar manner to Fe3O4 and Mg-doped Fe3O4,
but the durability of the Zn-doped Fe3O4 layers was much reduced, with
1/Rct exceeding those for bare steel after approximately 4 h. The greater
thickness of the Zn-doped layer did not appear to have a noticeable in-
fluence on corrosion protection. Mn-doped Fe3O4 layers provided no
corrosion protection to the carbon steel, with higher values of 1/Rct
compared to bare steel observed throughout the 24 h experiment.

OCP was also monitored throughout the experiment and is shown for
each material electrodeposit in Fig. 6. The OCP of the bare carbon steel
was stable at approximately − 0.675 VAg/AgCl throughout the 24 h
experiment. A minor increase in OCP was observed, consistent with the
revealing of the Fe3C network (Owen et al., 2022b). The OCP for layered
coupons (except for Mn-doped Fe3O4) was more positive than bare X65
carbon steel initially, anticipated due to the wide lateral coverage of
Fe3O4 and doped Fe3O4 layers and the more noble OCP of Fe3O4
compared to bare steel (Owen et al., 2022b; Alam et al., 2016). The OCP
decreased for the layered coupons in a similar manner to the change in
behaviour of 1/Rct observed in Fig. 5, converging to the bare carbon
steel. It would suggest that these layers progressively dissolved. A

previous study assessing the galvanic coupling between these layers and
bare carbon steel has indicated that the mixed potential of the layers is in
the range of − 0.65 VAg/AgCl to − 0.70 VAg/AgCl (Owen et al., 2022a),
suggesting the behaviour observed in Fig. 6 could be attributed to either
partial coverage or no coverage of the various Fe3O4 layers, once a
steady OCP was measured in this range.

Potentiodynamic polarisation measurements were performed at the
end of 24 h experiments, in addition to experiments completed over a 4 h
duration. The potentiodynamic polarisation data were corrected to ac-
count for solution resistance and are shown in Fig. 7. Approximations of
corrosion current density (icorr), OCP and the anodic (βa) and cathodic (βc)
Tafel constants are reported in Table 1 after interpretation of the poten-
tiodynamic polarisation plots. OCP data and the general trend of corro-
sion current densities correlated with the results reported in Figs. 5 and 6.
The OCP values did not change significantly between those measurements
at 4 h and 24 h, except for Zn-doped Fe3O4. However, only a slight change
in OCP was observed for Zn-doped Fe3O4 (− 0.036 VAg/AgCl), similar to the
change demonstrated in Fig. 6. Anodic and cathodic Tafel constants were
obtained at approximately ±50 mV vs. OCP. The Tafel constants did not
change significantly over the duration of the test, with only subtle dif-
ferences observed between measurements after 4 h and 24 h. No signifi-
cant differences were identified between the layered coupons and bare
steel. The corrosion current densities after 4 h were lower for pure Fe3O4
(0.071 mA/cm2) and Zn-doped Fe3O4 (0.097 mA/cm2) than bare carbon
steel (0.136 mA/cm2), confirming a reduction in corrosion rate in the
presence of the layers. By the end of the 24 h experiments, corrosion
current densities for layered coupons were higher than bare carbon steel,
suggesting an appreciable increase in corrosion rate as dissolution of the
layer progressed. Minor differences were observed between the different
layers, however, this may be due to variation that is typical in the iden-
tification of Tafel constants and a corrosion current density from poten-
tiodynamic polarisation data.

3.3. EIS analysis

LPR measurements demonstrated the comparable behaviour of the
bare steel and layered coupons over the duration of the experiment but
do not provide a mechanistic understanding of the layers’ behaviour. EIS
enables a more thorough understanding of the behaviour of surface

Fig. 5. Reciprocal of charge transfer resistance (directly proportional to
corrosion rate) determined from LPR measurements performed in a 50 ◦C, pH 5,
1 wt% NaCl solution on bare X65 carbon steel and X65 carbon steel covered
with electrodeposited Fe3O4, Mg-doped Fe3O4, Mn-doped Fe3O4 and Zn-doped
Fe3O4 layers.

Fig. 6. OCP measurements in a 50 ◦C, pH 5, 1 wt% NaCl solution on bare X65
carbon steel and X65 carbon steel covered with electrodeposited Fe3O4, Mg-
doped Fe3O4, Mn-doped Fe3O4 and Zn-doped Fe3O4 layers.
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layers on carbon steel behaviour to be established (de Motte et al., 2020;
Farelas et al., 2010; Lazareva et al., 2021) and has been used to char-
acterise Fe3O4 layers on carbon steel surfaces previously (Das and
Sudersanan, 2003; Park and Macdonald, 1983). Data from EIS mea-
surements are shown in the form of a Nyquist plot in Fig. 8 and a Bode

phase angle plot in Fig. 9, reporting data over 24 h of immersion in the
pH 5, CO2-saturated, 1 wt% NaCl solution at 50 ◦C. Plots are shown at
0 h (i.e., approximately 20 min after immersion), 2 h, 4 h and 22 h, with
the focus being the initial part of the experiment (before significant
dissolution of the layers) and the behaviour towards the end of the
experiment. Bode magnitude plots are presented in the Supplementary
Material. The phase angle was adjusted (φadj) to account for the elec-
trolyte resistance (Re) using Eq. (6).

φadj = tan− 1 Zʹ́

Zʹ − Re
(6)

Where Z′ and Z′′ are the real and imaginary components of impedance
(Ω cm2), respectively.

Focusing on bare X65 carbon steel, this material showed the
typical behaviour of an actively corroding material in the absence of a
protective surface layer (de Motte et al., 2020; Farelas et al., 2010). A
single time constant loop is observed, expected to represent the
charge transfer processes involved in the corrosion reactions and
the capacitance of the electrical double layer. Initially Rct is around
110 Ω cm2, which is comparable to Rct determined from LPR measure-
ments (about 105 Ω cm2). The diameter of the Nyquist plot decreased
during the experiment to about 80–100 Ω cm2, consistent with LPR
measurements, indicating a decrease in charge transfer resistance, and
so an increase in corrosion rate.

Similar shaped Nyquist data were also observed for layered coupons
with no additional features. At early exposure times, the layered surfaces
present depressed semicircles that are either similar in magnitude to the
initial X65 steel impedance (i.e., the Mn-doped and Zn-doped Fe3O4) or
2–3 times greater (Fe3O4 and Mg-doped Fe3O4). Consistent and similar
trends inRct were observed when comparing EIS and LPR measurements.
However, some discrepancy was observed in initial measurements that
are likely explained by the longer duration of EIS measurements. Over
the 24 h exposure, the impedances of all electrodes decreased to 80–100
Ω cm2 range, indicative of the Fe3O4 dissolution process.

It is possible that the capacitance could be a mixture of: 1) the double
layer capacitance at the steel surface, 2) the double layer capacitance at
the Fe3O4 surface, and 3) capacitance of the layer itself. Other studies of
Fe3O4 layers on carbon steel have indicated the presence of a second
capacitance loop, typically in the high frequency domain, attributed to
capacitive behaviour of the Fe3O4 layer (Alam et al., 2016; Park and
Macdonald, 1983). Additional capacitance loops have also been
observed in the high frequency portion of EIS data speculated to be
caused by trace amounts of thin (10–100 nm) Fe3O4 deposits on carbon
steel surfaces in aqueous CO2 environments (de Motte et al., 2020).
These features were not observed on the layered coupons in Fig. 8,
possibly due to the thickness of the layers observed from cross-sectional
imaging. Additionally, the theoretical capacitance of an equivalent
porous surface film, Clayer, is shown to negligible (about 10 nF/cm2)
using Eq. (7) (Orazem and Tribollet, 2008):

Table 1
Analysis of data obtained from potentiodynamic polarisation measured after 4 h and 24 h of exposure to a 50 ◦C, pH 5, 1 wt% NaCl solution for bare X65 carbon steel,
Fe3O4-layered X65, Mg-doped Fe3O4-layered X65, Mn-doped Fe3O4-layered X65 and Zn-doped Fe3O4-layered X65 coupons.

Time (h) Coupons OCP (VAg/AgCl) icorr (mA/cm2) βa (mV/decade) βc (mV/decade)

4 X65 − 0.687 0.136 53.7 246
Fe3O4 − 0.670 0.071 58.6 229
Mg-doped Fe3O4 − 0.679 0.138 52.0 139
Mn-doped Fe3O4 − 0.692 0.113 56.1 227
Zn-doped Fe3O4 − 0.642 0.097 61.3 218

24 X65 − 0.664 0.170 57.3 264
Fe3O4 − 0.673 0.311 57.8 304
Mg-doped Fe3O4 − 0.679 0.216 51.5 222
Mn-doped Fe3O4 − 0.673 0.253 58.1 244
Zn-doped Fe3O4 − 0.678 0.186 68.5 327

Fig. 7. Potentiodynamic polarisation plots measured after (a) 4 h and (b) 24 h
of exposure to a 50 ◦C, pH 5, 1 wt% NaCl solution for bare X65 carbon steel,
Fe3O4-layered X65, Mg-doped Fe3O4-layered X65, Mn-doped Fe3O4-layered X65
and Zn-doped Fe3O4-layered X65 coupons.
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Clayer =
εoεA
d

(7)

Where εo is the vacuum permittivity (8.85×10− 12 F/m); ε is the relative
permittivity of Fe3O4, assumed to be 80.5 for Fe3O4 (Imran et al., 2018);

A is the surface area of the carbon steel coupon (m2); and d is the
thickness of the layer (m) (as determined in Fig. 4).

Therefore, it is suggested that the Fe3O4 layers themselves do not
contribute significantly to the measured capacitance and the measured
capacitance is likely a combination of the double layer capacitance at

Fig. 8. Nyquist plots from EIS measurements performed in a 50 ◦C, pH 5, 1 wt% NaCl solution on (a) bare X65 carbon steel, (b) Fe3O4-layered X65, (c) Mg-doped
Fe3O4-layered X65, (d) Mn-doped Fe3O4-layered X65 and (e) Zn-doped Fe3O4-layered X65 coupons. Solid lines represent the fitted equivalent circuit for each data set.
The equivalent electrical circuit shown in (a) is representative of both layered and bare steel coupons. Note: different axis scales are used for each plot.
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the surface of regions of Fe3O4 and carbon steel.
Alternatively, corrosion product layers on carbon steel, such as thick

and well-developed FeCO3 layers in aqueous CO2 environments, can
show a Warburg diffusion impedance in the low frequency domain. This
impedance is attributed to the corrosion product layer acting as a

diffusion barrier, limiting the transport of species to/from the electrode
surface (de Motte et al., 2020; Jacklin et al., 2023). This feature was not
observed in Fig. 8, indicating corrosion protection provided by the
layers was likely as a result of surface coverage alone, rather than acting
as a diffusion barrier. In some experiments, due to the relatively

Fig. 9. Phase angle plots from EIS measurements, corrected for solution resistance, performed in a 50 ◦C, pH 5, 1 wt% NaCl solution on (a) bare X65 carbon steel, (b)
Fe3O4-layered X65, (c) Mg-doped Fe3O4-layered X65, (d) Mn-doped Fe3O4-layered X65 and (e) Zn-doped Fe3O4-layered X65 coupons.
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dynamic nature of the material corrosion behaviour compared to the
long acquisition time in the low frequency measurements, some devia-
tion was observed. The emergence of a second capacitance loop at the
end of the experiments in some conditions (notably for Zn-doped Fe3O4
layers after 22 h) is attributed to adsorbed species on the surface
(Keddam et al., 1981). Whilst the adsorption of intermediate species
involved in the anodic dissolution of iron is typically observed as an
inductive loop, this loop can also be seen as a capacitive loop, often at
higher surface pH values in the presence of surface layers form (Keddam
et al., 1981). As few data points demonstrated this behaviour, it was
omitted from equivalent electrical circuit fitting.

The Re-corrected phase angle data in Fig. 9 can justify the use of a
constant phase element in the proposed equivalent circuit models to fit
the X65 steel and layered coupon impedance data. Some dispersion of
the data points is observed in this region, due to minor inaccuracies in
the determination of Re. Some data points were not shown where
meaningless values were observed after the adjustment. As observed in
the high frequency region in Fig. 9, two factors must be considered: 1)
the data tend to a value <90◦ at high and 2) a constant phase angle is
generally observed in the 10–100 Hz range (between 70◦ and 80◦). It
suggests that a constant phase element is necessary, with the value of
φadj being proportional to the constant phase element α parameter
(when α=1, φadj=90◦) (Zhang et al., 2020), most likely as a result of time
constant distributions of the double layer capacitance from surface
heterogeneities of the rough/roughening X65 steel surface and compo-
sitional, crystallographic and/or roughness differences in the layered
surfaces.

To investigate the properties identified on the impedance plots in
more detail, equivalent electrical circuit fitting was performed on the
EIS data. Based on the Nyquist data shapes and the Re-corrected phase
angle plots, it was determined that the interfacial behaviour of the X65
steel and the oxide-layered surfaces could be mathematically repre-
sented in a satisfactory manner using a Randles circuit. This equivalent
electrical circuit comprises a resistor representing the electrolyte resis-
tance Re in series with a resistor representing the charge transfer resis-
tance Rct in parallel with a constant phase element, representative of the
capacitive behaviour of the electrical double layer (Qdl). Prior to fitting
the equivalent electrical circuits, Kramers-Kronig analysis was per-
formed on the data sets and equivalent circuits were only fitted to
suitable data. Data points (up to about 5 per experiment) from the
highest and lowest frequency ranges were removed from fitting analysis
and not shown in the plots in Fig. 8. The fitting is represented by the
solid lines on the Nyquist plots in Fig. 8 with fitting data for the all
exposure times presented in Table 2 corresponding to the Nyquist plots
in Fig. 8 (additional fitting data for each measurement during the 24 h
experiment is shown in the Supplementary Material). The effective
double layer capacitance (Cdl) is determined using the equation devel-
oped by Brug et al. (1984), Eq. (8):

Cdl =

[

Qdl

(
1
Re

+
1
Rct

)α− 1
]

(
1
α

)

(8)

The Cdl for bare steel is initially about 130 µF/cm2, which is
consistent with a double layer capacitance of carbon steel in the absence
of porous surface layers when immersed in an aqueous solution (Farelas
et al., 2010). The increase in Cdl observed on bare carbon steel is
attributed to the revealing of a porous Fe3C network, which supports
cathodic reactions and significantly increases the electrochemically
active surface area (Owen et al., 2022a; 2022b; Farelas et al., 2010). This
increase in Cdl is not observed on conditions in similar aqueous
CO2-saturated environments when pure iron coupons are utilised and
therefore no iron carbide is revealed (Al Kindi et al., 2021). The gradual
revealing of the Fe3C network contributes to the measured decrease in
Rct over the experiment for bare carbon steel.

The decrease in Rct over the experiment for the layered coupons

confirms the reduced corrosion protection as dissolution of the layers
progressed. The release of Fe2+ into the pores of the Fe3O4 layers as the
experiment progressed could have also potentially increased local
acidity within the layer, exacerbating dissolution (Park and Macdonald,
1983). A higher value of Re can be representative of the presence of a
thick Fe3O4 layer (Park and Macdonald, 1983). Fe3O4 dissolution has
been shown to previously cause a reduction in Re as dissolution pro-
gressed (Das and Sudersanan, 2003). Although not consistent across all
layers, a general decrease in Re for Fe3O4 layers was observed as the
layers dissolved.

For the oxide-layered coupons, Cdl was generally greater compared
against the bare steel coupons at initial exposure times. The Cdl for
layered coupons, determined using Eq. (8), is compared over the dura-
tion of the 24 h experiment for each layer in Fig. 10. The OCP measured
over the duration of the experiment is also included. The average Cdl and
OCP are reported from two measurements with error bars representing
the maximum and minimum values. A rapid increase in Cdl was observed
after immersing the layered coupons in the CO2-saturated solution,
except for Mn-doped Fe3O4. From a physico-chemical standpoint, this
increase can be explained by the dissolution of the layers, increasing the
porosity and therefore the effective electrochemically active surface
area. This increase was most significant for the pure Fe3O4 layer, likely
explained by the marginally superior dissolution resistance of these
layers compared to the doped layers. Nonetheless, far greater variation
in Cdl was observed for these pure Fe3O4 layers. The comparison between
Cdl and OCP also show a strong correlation when identifying the point at
which the immersed coupons start to behave in a similar manner to bare
carbon steel, where final Cdl measurements were shown to be equivalent
to bare carbon steel in Table 2. For Fe3O4 layers, Fig. 10 shows that the
layer influenced the electrochemical behaviour during approximately 12
h before a behaviour like bare carbon steel was observed. For Mg-doped
Fe3O4 layers this duration was reduced to approximately 8 h and 6 h for
Zn-doped Fe3O4 layers, whilst Mn-doped Fe3O4 layers showed difference
in behaviour in the first measurement only.

3.4. Study of localised corrosion

Uniform corrosion protection is advantageous when a surface layer
forms on carbon steel. However, in the case of Fe3O4, the consequences

Table 2
Fitting parameters obtained using a simplified Randles circuit for the data ob-
tained and calculated, where Cdl has been calculated using Eq. (8). Full data over
the 24 h period (including error) is provided in Supplementary Material. All data
was fitted with a χ2 < 10–3.

Coupon Time
(h)

Re (Ω
cm2)

Rct (Ω
cm2)

Qdl (µF/
cm2)α

α Cdl (µF/
cm2)

X65 0 18.6 114 564 0.77 138
2 18.0 100 689 0.78 191
4 17.7 84 612 0.82 213
22 17.7 81 631 0.89 358

Fe3O4 0 22.2 370 1,943 0.65 337
2 17.0 251 2,733 0.73 845
4 17.0 155 3,687 0.86 2,266
22 16.3 77 739 0.85 333

Mg-doped
Fe3O4

0 16.2 222 947 0.79 311
2 16.5 167 1,591 0.84 786
4 16.6 111 1,677 0.86 897
22 16.6 68 813 0.85 359

Mn-doped
Fe3O4

0 18.2 120 1,169 0.79 416
2 17.7 96 738 0.78 215
4 17.7 85 718 0.80 230
22 16.8 65 855 0.85 381

Zn-doped
Fe3O4

0 17.3 416 696 0.80 224
2 17.0 179 2,182 0.86 1,244
4 17.2 148 1,213 0.81 489
22 17.3 83 631 0.88 323
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of localised corrosion, are of great significance. Therefore, localised
corrosion analysis was performed at the end of the 24 h experiment to
identify any pit-like features that might have developed through any
galvanic interaction between the oxide layer and the bare steel. After the
experiments, any surface layers were removed in a HCl solution con-
taining HMTA prior to utilising white light interferometry to measure a
3D profile of the surface. Fig. 11 shows 2D surface height maps of 1
mm×1 mm regions on the different coupons studied. The X65 carbon
steel covered with Fe3O4, Mg-doped Fe3O4 and Zn-doped Fe3O4 were
analysed for the effects of localised corrosion. The Mn-doped Fe3O4
layered coupons were excluded from localised corrosion analysis as a
result of its lack of uniform corrosion protection, any localised corrosion
could not be attributed to the surface layer.

Localised corrosion features (shown by blue deeper regions on the
surface maps) were observed on the surface of the steel in the presence
of Fe3O4 and Zn-doped Fe3O4 layers. Fewer localised corrosion features
were observed on the surface maps when Mg-doped Fe3O4 layers were
electrodeposited on the steel surface. To quantify penetration depth,
analysis of the top ten deepest pit-like features from three different 1
mm×1 mm regions on the surface is shown in Fig. 11(d). The average
penetration depth for carbon steel layered with Fe3O4 was 12.1 μm, with
a few deeper pit-like features exceeding depths of 15 μm and a maximum
penetration depth of ~22 μm. Five pit-like features with a depth more
than 10 µm were detected. For comparison to other surface layers
commonly found in CO2 environments, pit-like features observed under
FeCO3 on X65 carbon steel at pH 6.8 and 80 ◦C, after 22 h exposure had

an average penetration depth of 5.6 μm with no features exceeding 10
μm in depth (Lazareva et al., 2021), demonstrating the significance of
Fe3O4 layers on localised corrosion.

Zn-doped Fe3O4 layers caused enhanced localised corrosion of the
underlying carbon steel. The average penetration depth was 15.7 μm,
with a maximum penetration depth of about 20 μm. A total of 21 pit-like
features with depths exceeding 10 µm were detected. A previous study
by the authors showed that galvanic current between Zn-doped Fe3O4
layered X65 and bare X65 carbon steel was greater than pure Fe3O4
(Owen et al., 2023). This likely contributed to the enhanced localised
corrosion observed in Fig. 11(c). The addition of Mg into the Fe3O4
crystal structure appears to have reduced average penetration depth
considerably to 9.30 μm and reduced the deepest pit-like features, with a
maximum penetration depth of about 11 μm. Only one pit-like feature
with a depth more than 10 µm was detected. These results show that the
addition of Mg into the Fe3O4 crystal structure helped to significantly
reduce localised corrosion in the conditions evaluated in this study.
Mg-doped Fe3O4 layered carbon steel showed similar increases in
galvanic current as Zn-doped Fe3O4 layered carbon steel when coupled
to bare steel, in the same previous study (Owen et al., 2023). However,
this did not translate into enhanced localised corrosion. This may be
explained by the change in surface coverage over time, with Mg-doped
Fe3O4 layers appearing to be more persistent than Zn-doped Fe3O4
layers in Fig. 10. Mg-doped Fe3O4 layers also showed a much quicker
decrease in OCP compared to other layers, as shown in Fig. 6, suggesting
that significant galvanic corrosion would not have occurred and uniform

Fig. 10. Double layer capacitance, obtained from EIS measurements, compared with OCP in a 50 ◦C, pH 5, 1 wt% NaCl solution for (a) Fe3O4-layered X65, (b) Mg-
doped Fe3O4-layered X65, (c) Mn-doped Fe3O4-layered X65 and (d) Zn-doped Fe3O4-layered X65 coupons.
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corrosion of carbon steel would have proceeded. The persistency of
Mg-doped Fe3O4 layers, however, was marginally lower than doped
Fe3O4 layers, as the active surface area and Cdl was somewhat lower
Fig. 10 and Table 2. Therefore, it is possible that another physical
characteristic of the layer, rather than its conductivity, such as its
porosity or adherence to the surface may have influenced corrosion
protection in this case.

3.5. Summary of the effect on corrosion behaviour of doping Fe3O4

The results of this study have demonstrated that metal ions can be
incorporated into the Fe3O4 crystal structure to drive a fundamental
change on the corrosion behaviour of carbon steel surfaces covered by
such layers. The integration of different metal ions within Fe3O4 struc-
tures has a significant effect on the morphology of the layers when
electrodeposited on carbon steel and has an influence on both uniform

and localised corrosion. These results indicated strongly that the addi-
tion of Mn into the Fe3O4 crystal structure provided no advantages to
corrosion protection of carbon steel, when compared to pure Fe3O4
structures, in the conditions studied. Mn-doped Fe3O4 layers were
therefore discarded from any further analysis, showing an inability to
offer any corrosion protection to the underlying carbon steel. The lack of
protection is potentially explained by instability of the layers in the
acidic environment, with leaching of Mn reported from Mn-doped Fe3O4
nanoparticles to far exceed leaching of Fe at pH < 6 when immersed in
HCl environments (O’Hara et al., 2016). Whilst Mn doping proved to be
unsuccessful in this study, it is important to note that natural formation
in geothermal waters containing more complex ionic compositions
(Mundhenk et al., 2013), could lead to the formation of highly unpro-
tective corrosion product layers, emphasising the importance of un-
derstanding the influence of chemical composition on Fe3O4 layer
formation.

Fig. 11. 3D surface profiles obtained using white light interferometry after 24 h expose to a 50 ◦C, pH 5, 1 wt% NaCl solution for (a) Fe3O4-layered X65, (b) Mg-
doped Fe3O4-layered X65 and (c) Zn-doped Fe3O4-layered X65 coupons. Analysis of the penetration depth for the pit-like features under each surface layer is shown
in (d).
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Mg-doped Fe3O4 layers showed similar dissolution resistance and
levels of corrosion protection to pure Fe3O4 layers, with no notable
improvements observed. However, the importance of reducing the
extent of localised corrosion of carbon steel is paramount, with Fe3O4
layers often playing a key role in initiating the growth of pit-like features
(Hua et al., 2019), shown in Fig. 11 and in previous studies. Mg doping
of Fe3O4 layers enabled localised corrosion to be significantly reduced,
showing promise as a potential candidate for wider study to deeper
probe the mechanisms. Zn-doped Fe3O4 layers showed some level of
protection in the studied environment, but its performance was reduced
compared to Mg-doped Fe3O4 and pure Fe3O4 layers. An increase in the
severity of localised corrosion was also observed.

It should be noted that this study only represents one set of highly
corrosive conditions but highlights that Fe3O4 layers can be modified to
influence the uniform and localised corrosion protection offered by the
layer. Studies in higher temperature and pressure conditions more
favourable to natural Fe3O4 formation would enable layer durability and
layer growth mechanisms to be evaluated. However, the implementa-
tion of electrodeposition has enabled a methodology to be established
for robust and practical analysis of different dopants under numerous,
and easily tuneable conditions. The influence of concentration of dopant
(Ishikawa et al., 1999), combinations of multiple dopants (de Mello
et al., 2019) and the integration of other metal ions (Beal et al., 2017)
could also be investigated to optimise layers for specific applications.

4. Conclusions

The corrosion protection provided by Fe3O4 layers and Fe3O4
modified through the addition of metal ions and formed by electrode-
position on carbon steel surfaces, was assessed in a pH 5, CO2-saturated,
1 wt% NaCl solution at 50 ◦C using electrochemical techniques (EIS, LPR
and potentiodynamic polarisation). The main findings from the study
are:

1) Fe3O4 layers on carbon steel surfaces can be modified through the
addition of metal ions to change their composition and crystal
properties using an electrodeposition method in an electrolyte
composed of NaOH, Fe2(SO4)3 and TEA through the addition of other
metal sulphates.

2) In the thermodynamically unfavourable conditions concerning the
dissolution resistance of Fe3O4 layers (CO2-saturated conditions at
temperatures of 50 ◦C), LPR and EIS measurements showed both
Fe3O4 and doped Fe3O4 layers did not provide corrosion protection
to the carbon steel throughout the 24 h exposure period, with
varying oxide dissolution kinetics.

3) Fe3O4 and Mg-doped Fe3O4 layers showed the best durability under
the conditions studied, maintaining a reduced uniform corrosion rate
of the underlying carbon steel for longer than Zn-doped Fe3O4 layers,
whilst Mn-doped Fe3O4 layers provided no corrosion protection.

4) EIS results were justified and modelled using a simplified Randles
circuit with no distinct capacitive loop for the layer itself observed;
however, EIS analysis confirmed that significant increases in overall
capacitance were observed as the layers began to degrade, likely due
to increases in active surface area from the conductive oxide and
metal surface exposure as the layer dissolved.

5) Localised corrosion was observed on the carbon steel surface un-
derneath the Fe3O4 layer (average penetration depth of 12.1 µm),
due to the ability of the layer to establish a galvanic couple with bare
regions of steel. The addition of Zn dopant into the Fe3O4 structure
resulted in more severe localised corrosion (average penetration
depth of 15.7 µm).

6) The addition of Mg into the Fe3O4 crystal structure resulted in sig-
nificant decreases in localised corrosion of the underlying carbon
steel, reducing average penetration depth to 9.30 µm, and recording
a maximum penetration depth 50% lower than Fe3O4.
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passive film on mild steel in CO2 corrosion environments. Ind. Eng. Chem. Res. 48
(13), 6296–6302.

He, Z., Koza, J.A., Mu, G., Miller, A.S., Bohannan, E.W., Switzer, J.A., 2013. Electrodeposition
of CoxFe3–xO4 epitaxial films and superlattices. Chem. Mater. 25 (2), 223–232.

Hua, Y., Shamsa, A., Barker, R., Neville, A., 2018. Protectiveness, morphology and
composition of corrosion products formed on carbon steel in the presence of Cl− , Ca2
+ and Mg2+ in high pressure CO2 environments. Appl. Surf. Sci. 455, 667–682.

Hua, Y., Xu, S., Wang, Y., Taleb, W., Sun, J., Zhang, L., et al., 2019. The formation of
FeCO3 and Fe3O4 on carbon steel and their protective capabilities against CO2
corrosion at elevated temperature and pressure. Corros. Sci. 157, 392–405.

Imran, M., Akbar, A., Riaz, S., Atiq, S., Naseem, S., 2018. Electronic and structural
properties of phase-pure magnetite thin films: effect of preferred orientation.
J. Electron. Mater. 47, 6613–6624.

Ishikawa, T., Nakazaki, H., Yasukawa, A., Kandori, K., Seto, M., 1999. Influences of Co2+,
Cu2+ and Cr3+ ions on the formation of magnetite. Corros. Sci. 41 (8), 1665–1680.

Itai, R., Shibuya, M., Matsumura, T., Ishi, G., 1971. Electrical resistivity of magnetite
anodes. J. Electrochem. Soc. 118 (10), 1709–1711.

Jacklin, R., Neville, A., Owen, J., Woollam, R.C., Burkle, D., Barker, R., 2022. Iron
calcium carbonate formation in CO2 environments–effects of A/V ratio in autoclave
experiments. In: AMPP Annual Conference+ Expo, San Antonio, TX, USA. OnePetro.

Jacklin, R., Owen, J., Burkle, D., Woollam, R.C., Barker, R., 2023. Characterizing the
evolution of iron carbonate in a demanding CO2 environment using a combined
electrochemical impedance spectroscopy and linear polarization resistance
approach. In: AMPP Annual Conference+ Expo, Denver, CO, USA. AMPP.
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