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Introduction

Corrosion-resistant omniphobic coating for
low-carbon steel substrates using silica layers
enhanced with ethylenediamine tetraacedic acid

® Masoud Zakeri, (2 ¢
%xab

Parnian Mirabi, (2 ¢ Fariba Vaez Ghasemi,
Ibrahim Ogunsanya ® © and Kevin Golovin

The present work develops a highly liquid repellent, i.e. omniphobic, coating designed specifically for
metallic substrates like low carbon steels and evaluates its potential as a barrier to corrosion.
Polydimethylsiloxane (PDMS) chains are grafted to an intermediary silica layer via the hydrolysis and
polycondensation of a difunctional chlorosilane monomer, resulting in a contact angle hysteresis of ~3°
when deposited on unpolished low carbon steel substrates. However, the use of chlorosilanes to
fabricate the omniphobic PDMS can corrode steel. To circumvent this, the coating uses a phosphate
buffer solution to partially neutralize the silica precursor solution, and ethylenediamine tetraacedic acid
(EDTA) to passivate any released Fe ions. The inhibition of corrosion is evidenced visually and by
unchanging surface metrology parameters even after two months following coating deposition.
Potentiodynamic polarization data indicate that the omniphobic layer provides a barrier to water ingress,
as evidenced by a current density of ~107® A cm™2, two orders of magnitude lower than the steel
coated with the silica but without the PDMS chains. Electrochemical impedance spectroscopy data
indicates the absence of an inductive loop (i.e. no ongoing corrosion) and a high polarization resistance
of 40000 Q cm? for the omniphobic coating. This work not only indicates that omniphobic grafted
polymer chains like PDMS exhibit anti-corrosion properties, but also provides a method for depositing
such coatings onto metals without corroding the substrate, even when using chlorosilane precursors
that evolve hydrochloric acid.

subsequent polycondensation of either chlorosilanes® or
alkoxysilanes,' using glass or Si wafers as a substrate. How-

In recent years, the development of surfaces that can repel a
wide range of high- and low-surface tension liquids, ie.,
omniphobic surfaces, has drawn significant attention due to
their diverse applications in medical devices,"” self-cleaning
coatings,® wastewater treatment,>® and paper products.” One
promising class of omniphobic surface is liquidlike grafted
polymer chains, typically polydimethylsiloxane (PDMS) or per-
fluoropolyether (PFPE), where single polymer chains well-above
their glass transition temperature are covalently tethered
to the surface from one end only, leaving the remainder of
the chain to freely flex, rotate, and even exhibit flow-like
properties.® The typical route for synthesizing liquidlike
polymer brushes involves the acid-catalyzed hydrolysis and
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ever, these synthesis routes cannot be readily applied to metal-
lic substrates like steel, due to the risk of corrosion from the
HCI generated during the hydrolysis of chlorosilanes, or the
acid used to catalyze alkoxysilane hydrolysis. Accordingly, not
only are current deposition strategies not amenable to metallic
surfaces, but any potential anti-corrosion properties of such
omniphobic surfaces remain largely unexplored. The purpose
of this study was to develop a non-corroding method for
grafting liquidlike PDMS on low-carbon steel, and to assess
the anti-corrosion performance of such an omniphobic surface.

Omniphobic surfaces may be characterized by their low
contact angle hysteresis (CAH) with various liquids, defined
as the difference between the advancing (0,) and receding (0g)
contact angles of droplets, or CAH = 0, — 0r. For example,
whereas common engineering surfaces exhibit CAH > 20° for
most fluids, CAH ~ 0° has been reported on liquidlike grafted
PDMS by several groups.'®™"® The zero or near zero CAH of
omniphobic PDMS surfaces has been attributed to the mobile
state of the polymer chains, as well as the almost perfectly
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smooth nature of the coating.®'® However, with a total coating
thickness < 10 nm, the grafted layer is quite conformal and the
surface will only be smooth if the underlying substrate is also
atomically flat. For float glass and single crystals of silicon this
is achievable on an industrial scale, but even highly polished
steel typically exhibits roughness on the order of 10 s of
nanometers, and as-cast or as-drawn steel is typically rough
on the micron scale.™

To circumvent this issue, Khatir et al® pioneered a
substrate-independent approach to achieve low CAH with
grafted PDMS chains even on rough surfaces. Their method
involves first depositing a thin, smooth silica layer, which
covers the inherent roughness of the underlying substrate, as
well as provides reactive silanol groups to which the PDMS
chains may be anchored. This technique has been successfully
adapted to many substrates, such as textiles, paper, glass, and
plastics, to name a few. Moreover, the deposition of these
omniphobic coatings can be scaled to large surface areas
through spray-coating or conventional painting techniques.
Nonetheless, there is a limitation when applying this method
to metallic surfaces. The silica layer is formed using acid-
catalyzed hydrolysis of alkoxysilanes, again creating the risk
of corrosion for metallic substrates (Fig. 1). Methods are still
needed to eliminate the corrosion associated with producing
omniphobic surfaces in this manner.

Various techniques have been developed to improve the
corrosion resistance of metals. These include methods such
as conversion coatings,”>™*® cathodic protection,'*™* organic
coatings,”*>® nanocomposites,”®>® and the use of chelating
agents as corrosion inhibitors.>**! Chelating agents are most
amenable to the deposition of the silica layer discussed above
because they can be integrated into an existing surface coating,
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unlike techniques that require additional non-omniphobic
coatings or layers. Moreover, chelating agents, by nature, bind
with metal ions, providing a direct and efficient protection
mechanism. Ethylenediamine tetraacetic acid (EDTA) is a lead-
ing chelating agent that possesses six available binding sites for
metal ions.*”*® Such a hexadentate ligand forms a cage-like
complex preventing metallic ions from further interactions
with their corrosive environment. This behavior parallels
that of amino acids, forming double zwitterionic structures in
solution.>® Therefore, adopting chelating agents like EDTA
is a practical and effective strategy for enhancing corrosion
resistance.

This work presents the development of an omniphobic
coating specifically designed for metallic surfaces, which does
not corrode the substrate. To achieve this, EDTA is incorpo-
rated as a chelating agent within the silica sol-gel formulation,
along with a pH alternation procedure to partially neutralize
the solution prior to deposition. Using these two strategies,
PDMS chains grown using chlorosilanes do not corrode the
underlying carbon steel surfaces, allowing for the omniphobic
properties to be retained long term. Moreover, the anti-
corrosion properties of the coating are studied via potentiody-
namic polarization and electrochemical impedance spectro-
scopy (EIS), highlighting the efficacy of omniphobic, grafted
PDMS chains as corrosion-inhibiting layers.

Experimental

Materials

Toluene (99.5%), isopropyl alcohol (99%), ethanol (90%),
Sodium Hydroxide pellets (reagent grade), and 12 M hydro-
chloric acid were purchased from VWR. Tetraethoxysilane

o Tetraethoxysilane - e Hydrolysis - 9 Polycondensation and curing
o—" HO ™ si— O—
0 cr o—~ O - CF \s o o o—q
, - W OH cr / _— Si S
o— Si—o0 AN H+  -—=—-sj—OH \ od O/
— +H,0 + HCI P \ c / H N/ of
\ (in athanol) Ho~ S —OH o & cr Si~o
in ethano — Si I
0 Cr \ o— V2 \ AN \ H*
J 0o—~ OH of  0—si—o0
+ CF \
H \

@  Grafted PDMS chains
(before washing)

6 Hydrolysis and polycondensation

0 1,3-dichlorotetramethyldisiloxane

Fig. 1 Typical route of silica layer deposition (steps 1-3) and omniphobic PDMS grafting to the silica layer using chlorosilanes (steps 4-6). Chlorides are
present throughout both processes. Note the schematics are not to scale, and typically the silica layer is ~300 nm thick,® whereas the omniphobic PDMS

is around 4 nm thick.®
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(TEOS, 98%) was purchased from Alfa Aesar. 1,3-Dichloro-
tetramethyldisiloxane (97%) was purchased from Gelest. Low
carbon steel sheets were purchased from Metal Supermarkets.
The mild steel was cold rolled with a composition <0.15 C,
<0.60 Mn, <0.035 P, and <0.04 S per the manufacturer
specifications. Sodium borate decahydrate (99.5%) and ethyle-
nediaminetetraacetic acid tetrasodium (EDTA, ultra-pure
grade) salt were purchased from Sigma Aldrich. Phosphate
buffer solution (0.1 M) was purchased from Ward’s Science.

Methods

Coating preparation. A thin silica layer on substrates
was fabricated using the sol-gel technique and tetraethoxysi-
lane (TEOS) as the silica alkoxide in an acid-catalyzed process,
as described previously.® Briefly, a mixture was prepared con-
sisting of TEOS:ethanol:water:HCl in a molar ratio of
1:3.8:6.4:0.085. The procedure began by stirring ethanol
and TEOS at 500 rpm at ambient temperature for 1 minute.
Subsequently, water and HCI were incorporated, and the tem-
perature was raised to 60 °C. This solution was then stirred
continuously for 3 hours before being allowed to cool to room
temperature. The solution was then allowed to age for 3 days at
room temperature.

In a separate preparation, a 0.1 M EDTA solution was
formulated using a 0.1 M phosphate buffer at a pH of 6.5. This
EDTA solution was then combined with the aged silica solution
in a 1:1 ratio and stirred at 500 rpm for 5 minutes at room
temperature.

To coat the low carbon steel substrates they were dip-coated
in the silica or silica/EDTA solutions using an Ossila automated
dip-coater at an immersion rate of 300 mm min ' and a
withdrawal rate of 20 mm min . Prior to dip coating the
substrates were cleaned with isopropyl alcohol. After dip-
coating, the substrates were cured in an oven at 110 °C for
10 minutes.

PDMS brush deposition. The silica or silica/EDTA coated
metal samples were placed in 60 x 60 mm Petri dishes with
150 pL of 1,3-dichlorotetramethyldisiloxane held in a small vial.
The Petri dish was then closed for 8 min to allow for the
grafting of the PDMS chains via hydrolysis and polycondensa-
tion. Following this, the substrates were removed from the Petri
dish and were washed with toluene and isopropyl alcohol to
remove any non-bonded PDMS chains.

Characterization techniques

Surface characteristics. Advancing and receding contact
angles were measured with water using a Ramé-Hart 260
Contact Angle Goniometer, employing the sessile droplet
method. Contact angles were measured by either slowly intro-
ducing or gradually extracting liquid from ~10 pL droplets
gently deposited on the sample surfaces. The onset of contact
line movement was used to establish when to measure the
angles. Measurements were taken at three distinct positions on
each sample, and the mean value is reported.

A 3D scanning laser microscope (Olympus LEXT OLS5000)
was used to measure root-mean-squared surface roughness (S)

This journal is © The Royal Society of Chemistry 2025
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and valley depth (S,) using a 20x magnification lens. The same
microscope was also used for optical imaging of the surfaces,
using a 100x lens. Coating thickness was also analyzed using
the same 100x lens, with an additional 8 x zoom applied. Each
surface was imaged at three random locations and what is
reported in the manuscript are the mean and standard devia-
tion of the three measurements. As is standard practice with
the Olympus LEXT OLS5100 3D laser scanning microscope,
imaging noise was removed from the optical scans using a
‘nearest neighbor’ algorithm where the height at each measure-
ment point was averaged with the surrounding eight points.

Surface morphology was examined using a Thermo Scien-
tific Quattro environmental scanning electron microscope
(ESEM). SEM imaging, combined with elemental analysis
through energy dispersive X-ray spectroscopy (EDS), was per-
formed at an accelerating voltage of 10 kV to achieve high
resolution and sufficient penetration depth for precise material
characterization.

Electrochemical characterization. A three-electrode electro-
chemical cell setup was employed, comprising of: (i) a bare
carbon steel (as reference for comparison) or coated carbon
steel as the working electrode, (ii) a saturated calomel electrode
(SCE) functioning as the reference electrode, and (iii) a plati-
num mesh acting as the counter electrode. These electrodes
were exposed to 0.1 M borate buffer solution (pH 6) for testing.

Four electrochemical tests were employed in series. The
open circuit potential (OCP) of the steel sample was recorded
for a duration of 30 minutes to ensure that the samples
stabilized in their solution environment. Subsequently, poten-
tiodynamic linear polarization resistance (LPR) test, using
potential values ranging from —10 mV to +10 mV with respect
to OCP using a scan rate of 0.167 mV s ' per ASTM G59
standard, was performed using Parstat 2263. Electrochemical
impedance spectroscopy (EIS) measurements were performed
using Gamry Reference 600 by scanning from a frequency range
of 100 000 Hz to 0.1 mHz within a potential window of —10 mV
to +10 mV relative to OCP. Afterwards, a potentiodynamic non-
linear polarization measurement was performed by scanning
from —0.85 V (relative to SCE) to +0.3 V (relative to OCP) using a
scan rate of 0.167 mV s~ ' per the ASTM G59 standard.

Results and discussion

Upon immersing and removing the steel substrate into the
silica precursor solution that did not contain EDTA, immediate
corrosion was visually observed, revealed by a noticeable color
alteration on the surface (Fig. 2(a)). Over 10 days, a rust layer
was visually apparent on the silica-coated sample, depicted
schematically in Fig. 2(c). This rapid corrosion can be attrib-
uted to the acidity of the solution, which contained HCI, and
was measured to have a pH of approximately 1.5. To mitigate
this, the pH of the solution was adjusted to 5.5 using a 0.1 M
solution of NaOH immediately preceding the dip coating
process. A pH of 5.5 was found to be the highest value that
would still give a ~30 min window to deposit the coating
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Silica-coated steel Silica/PDMS-coated steel (2mo)

Fig. 2
forms around metal cations such as Fe?*
process.

before the solution gelled. Neutralizing the solution caused
gelation within seconds. Following this adjustment to pH 5.5,
no visible corrosion was detected on the sample coated solely
with the silica layer, likely because the number of C1™ ions in
the solution was reduced by four orders of magnitude (depicted
in step 3 of Fig. 1). However, upon grafting the PDMS chains
to this pH-corrected silica layer, corrosion was again opti-
cally apparent immediately following the PDMS deposition
(Fig. 2(a)). This surface corrosion was the result of the HCI
formed from the hydrolysis of the chlorosilane precursor, as
shown in step 5/6 of Fig. 1.

To prevent the HCI from corroding the steel surface, ethy-
lenediamine tetraacetic acid (EDTA) was introduced as a che-
lating agent in the coating solution. EDTA forms complexes
with metal ions in a consistent 1:1 ratio, irrespective of the
ion’s charge. This ligand’s ability to create stable complexes can
be traced back to its multi-dentate nature, which encapsulates a
metal cation in a cage-like structure (Fig. 2(b)). This encapsula-
tion effectively prevents cations from potential interactions
with other molecules, such as Cl~ ions.** To disperse the EDTA,
it was dissolved in a phosphate buffer solution with a pH of 6.5
before mixing with the silica solution (non-pH corrected) in a
1:1 weight ratio. This mixture both utilized EDTA’s chelating
properties and also reduced the acidity of the silica solution,
similar to the pH correction performed above. Additional
corrosion was not visually observable on this coated steel
sample, both immediately after coating as well as two months
later (bottom right, Fig. 2(a)). Note that the stains visible in the
bottom right image of Fig. 2(a) were present prior to coating
the surface. A control experiment was also conducted, where
the 1:1 phosphate buffer solution was mixed with the non-pH
corrected silica solution and applied to the steel (i.e., the same
formulation as above but without EDTA). Similar to the pH-

3832 | Soft Matter, 2025, 21, 3829-3838
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(a) Optical images of the various steel samples. Surfaces imaged two months after coating deposition are labeled (2mo).
. (c) Schematic of rust formation due to the acidic environment caused by the silica layer and PDMS grafting
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Grafted PDMS

b) Complex that EDTA

corrected silica results, corrosion was not visually detected
when this silica solution alone was deposited, but it was readily
visible following PDMS deposition. Accordingly, the lack of
visible corrosion observed with the silica containing EDTA
can indeed be attributed to the EDTA and not the use of the
phosphate buffer.

Fig. 3 presents SEM and EDS analyses, highlighting the
microstructural and elemental characteristics of (a) bare car-
bon steel, (b) silica/EDTA/PDMS-coated steel, and (c) corroded
silica/EDTA/PDMS-coated steel imaged after 1.5 years. SEM
imaging confirmed the formation of a uniform, crack-free
silica/EDTA/PDMS coating over the carbon steel substrate
(Fig. 3(b)), with a thickness of 280 + 100 nm as measured by
optical profilometry (Methods). EDS analysis of the coated
surface identified Si and O as the dominant elements in the
coating, while Fe signals originating from the underlying sub-
strate were also observed. Steel coated with silica made from
TEOS without EDTA or the buffer solution demonstrated a
greater thickness of 460 = 60 nm. The higher concentration
of the precursor solution resulted in a silica layer ~60% thicker
than the silica/EDTA/PDMS coating.

For the silica/EDTA/PDMS-coated steel imaged 1.5 years
after coating deposition, SEM analysis revealed extensive corro-
sion across the majority of the surface (Fig. 3(c)). EDS analysis
of the corrosion products predominantly identified Fe and O,
with no detectable Si, indicating complete degradation of the
protective coating in these regions. Conversely, in intact, non-
corroded areas, the presence of Si and O confirmed the partial
retention of the coating on the substrate. Note that these
samples were those exposed to the electrochemical character-
ization (discussed below), and further experiments would be
necessary to assess performance in an actual service
environment.

This journal is © The Royal Society of Chemistry 2025
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1 ) 1
Element |Weight %|Atomic %| Error % Element | Weight % | Atomic %| Error % Element | Weight % | Atomic %| Error %

FeL 100.00 100.00 4.10 oK 24.76 47.67 6.89 OK 23.04 46.34 7.10
FeL 55.39 30.55 6.21 FeL 60.62 34.93 6.00
SiK 19.85 21.78 6.59 SiK 16.34 18.72 6.91

2 2
0K 19.26 41.43 7.53 OK 31.65 61.78 6.79
FeL 66.30 40.87 5.49 FeL 68.35 38.22 6.77

SiK 14.44 17.70 7.52

Fig. 3 SEM images and EDS analyses of (a) bare carbon steel, (b) silica/EDTA/PDMS-coated carbon steel, and (c) corroded silica/EDTA/PDMS-coated
carbon steel imaged 1.5 years after coating deposition. Numbered spots show areas where EDS data were collected, with results displayed in the tables

below each corresponding image.

The surface metrology of the coated samples was further
investigated. Representative magnified images of the surfaces are
shown in Fig. 4, and their roughness values (root-mean-squared
surface roughness, Sy, and maximum surface valley depth, S,) are
plotted in Fig. 5. Several points are worthy of discussion. First,
localized corrosion spots were readily observable on the bare metal
surface. This may be attributed to the sample preparation

administered, where the steel substrates were only rinsed with
isopropyl alcohol prior to coating deposition. This rinse, while
beneficial for cleaning, did not eliminate pre-existing corrosion on
the surface that could be removed by polishing. However, this
small amount of initial corrosion is more realistic of an actual use
case for steel, which can be exposed to the environment for days or
even years prior to use or coating deposition.

Silica/lEDTA/PDMS-coated st

PN TR 2

S-coated steel )

Fig. 4 Microscope images of the various surfaces. “2mo” denotes surfaces imaged two months after coating deposition. The ‘rainbows’ are caused by
the optical interference of the thin silica film, though macroscopically the surface was transparent to the naked eye.

This journal is © The Royal Society of Chemistry 2025
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Bare steel

Silica-coated steel

Silica/PDMS-coated steel (2mo)
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Silica/EDTA/PDMS-coated steel

Silica/EDTA/PDMS-coated steel (2mo)

Fig. 5 Heightmaps of the six different surfaces investigated in this study. “2mo” denotes surfaces imaged two months after coating deposition.

Second, after depositing and curing the silica layer without
EDTA, the presence of corrosion sites increased, which again
was optically apparent on a macroscopic scale (Fig. 2(a)). The
addition of the grafted PDMS further increased the visible
corrosion on the surface, and re-imaging the surface after two
months allowed the corrosion to propagate substantially across
the entire substrate. Pronounced irregularities, resembling
deep valleys on the steel surface, were observed after this two-
month incubation time.

In contrast, the sample coated with the silica/EDTA solution
prior to grafting the omniphobic PDMS displayed remarkably
little additional corrosion. After the same two-month period,
the sample’s appearance remained largely unchanged with no
significant color deviation. While there were minor corroded
areas, the amount present was consistent with the steel surface
prior to coating deposition, indicating that no additional
corrosion was caused, at least visually, by the silica or omni-
phobic PDMS. Note that many corrosion environments require

mitigation solutions lasting years if not decades, and so
extended studies would be needed to confirm the long-term
anti-corrosion performance of the silica/EDTA grafted with the
omniphobic PDMS. However, as the main objective of this work
was to prevent the corrosion caused by the omniphobic for-
mulation during deposition (due to the presence of HCI),
assessing the coated steel’s performance after two months
was sufficient in this regard. The images shown in Fig. 3(c)
do, however, suggest that certain electrochemical environments
are indeed able to corrode the coated steel substrate after
18 months of incubation time.

Surface corrosion was also identifiable from the surface
roughness parameters of the different samples. Representative
heightmaps of the various surfaces are shown in Fig. 5, and
their metrology parameters are plotted in Fig. 6(a) and (b).
Root-mean-squared surface roughness (Sq) was measured to
determine the overall average roughness of the surfaces, and
the maximum valley depth (S,) was measured as corrosion is a

Bare st i © =R
are stee ox
Silica-coated steel —4-CAH
Silica/PDMS-coated steel
Silica/PDMS-coated steel (2mo)
Silica/EDTA /PDMS-coated steel
Silica/EDTA /PDMS-coated steel (2mo)
0 2 4 6 8 0 20 40 60 80 0° 50° 100° 150°
Sy (pm) Sy (pm) Contact Angle

Fig. 6 3D laser scanning microscope measurements of (a) S4 (root-mean-squared roughness) and (b) S, (maximum valley depth) of the bare and coated
steel surfaces. (c) Advancing water contact angle, receding water contact angle, and contact angle hysteresis of the same surfaces.
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subtractive process and would therefore increase as the steel
corroded away. While the addition of the silica layer appeared
to increase the roughness of the steel surface from S; = 1.3 +
0.1 pm to 2.5 £ 0.2 um (Fig. 6(a)), this was actually an artifact of
the optical metrological assessment of the thin, conformal
transparent film covering the steel. For example, a zoomed-in
assessment of the silica surface exhibited a surface roughness
of Sq =80 £ 50 nm, with some spots as smooth as S, = 27 nm.
Overall, the roughness of the steel remained around 1-2.5 pm
for all surfaces except the highly corroded silica/PDMS surface
without EDTA that had aged for two months, which exhibited
§q=6+1pum.

The maximum valley depth data was more revealing
(Fig. 6(b)). Initially the bare steel exhibited valleys with depths
around S, = 10 um. The addition of the silica layer, with or
without the PDMS, increased this to ~30 pm, and after two
months this further increased to 67 um. With the addition of
EDTA into the silica formulation, even after two months, the
valleys were only S, = 13 + 4 pm deep, statistically equivalent to
the bare steel using a student’s t-test (p-value: 0.7).

The wetting behavior of the various surfaces with water was
also examined (Fig. 6(c)). Unsurprisingly, both the bare steel
and steel coated with the silica layer were hydrophilic and
exhibited a contact angle hysteresis (CAH) > 20°. Conversely,
steel coated with either the silica/PDMS or EDTA/silica/PDMS
exhibited advancing and receding water contact angles around
0, = 106° and Ox = 103°, and a resultant CAH around 3°-4°.
Because the wettability of these surfaces was determined by the
PDMS layer, the corrosion observed at the metal/silica interface for
the silica/PDMS-coated samples (Fig. 2-4) did not affect the omni-
phobicity of the coated surface. Note that only water contact angles
were measured here, but identical water contact angles for PDMS
grafted to silica have been observed for omniphobic PDMS.’

The potentiodynamic polarization technique was employed
to investigate the corrosion resistance of the various samples
and their corresponding polarization curves are shown in
Fig. 7(a). Alongside this, LPR was measured at 10-minute
intervals and their polarization resistances over time are shown
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in Fig. 7(b). The bare steel exhibited a current density of
2 x 10~* A em™?, and this was slightly lower than the steel coated
only with silica (6 x 10~* A cm™?). These findings indicate that the
silica layer itself did not provide any corrosion resistance.

In contrast, the corrosion current density was two orders of
magnitude smaller for the EDTA/silica/PDMS-coated steel
(~107% A em™?), and this was roughly equivalent to the steel
coated with the silica/PDMS without the addition of EDTA.
Moreover, there was a noticeable decrease in the anodic slope
for both PDMS-coated samples compared to bare metal and the
silica-coated steel, suggesting the existence of a passivating
layer that prevented metal interactions with the environment.
This passivating layer, which stabilizes the current density even
at high potential, is likely due to the omniphobic PDMS layer
which limits ion diffusion from the solution to the underlying
substrate. This observation suggests that the omniphobic
PDMS layer, in the absence of EDTA and with some initial
corrosion present, still functions as an effective barrier, ampli-
fying the system’s corrosion resistance. Nevertheless, the pre-
cise impact of the addition of EDTA into the silica layer on the
metal’s corrosion dynamics remains unknown based solely on
the polarization curve. It should be noted that while fewer areas
of visible rust were observed for the bare steel and silica-coated
steel, their exposure to the electrolyte solution during the
potentiodynamic polarization measurement resulted in visible
rust on their surface. This was not observed for the PDMS-
containing samples, which corroborates the significant current
density differences shown in Fig. 7(a).

Furthermore, the LPR results in Fig. 7(b) indicate a higher
polarization resistance (indicative of decreased current
density and better corrosion behavior) for all coated samples
(~16-18 kQ cm? at 90 min) compared to bare metal (~ 2.5 kQ cm? at
90 min), regardless of the presence of EDTA, corroborating the
findings from the polarization curves. Notably, the silica/EDTA/PDMS
samples aged for 2 months exhibited an even greater polarization
resistance (~40 kQ cm? at 90 min) than the same surface evaluated a
few days after coating deposition. To better understand these
observations, EIS tests were conducted.
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Fig. 8 Nyquist plot comparing aged-coated samples and bare metal,
where the x-axis represents the real part of the impedance, and the
y-axis shows the imaginary part of the impedance, capturing resistive
and capacitive/inductive behaviors, respectively.

When evaluated in a borate buffer solution (pH 6.0), the
Nyquist plot for bare carbon steel exhibited a singular
capacitive loop with a polarization resistance measured to be
~1000 Q cm®. This comparatively low polarization resistance
value relative to the coated samples is indicative of the active
corrosion process on the unprotected steel substrate.’® In
contrast, samples coated with silica/PDMS exhibited a marked
enhancement in their polarization resistance, ~30000 Q cm?.
An inductive loop was also present at lower frequencies (i.e.
higher Zg. values in Fig. 8), indicative of a continuing corrosion
process, though at a slow rate. This inductive loop can be
attributed to a sequential mechanism, characterized by the
adsorption and subsequent relaxation of intermediates, predo-
minantly FeOH species. The magnitude of this loop directly
correlates with the FeOH adsorption-relaxation rate.*®” The
silica/PDMS-coated sample, left untouched for two months in
the laboratory environment and exposed to ambient air, mir-
rored this behavior, and this was not surprising given the
visibly corroded surface evident in Fig. 2-4.

Incorporating the chelating agent within the silica layer
enhanced the coating’s corrosion resistance, evidenced by a
substantial increase in polarization resistance to 40 000 Q cm?,
consistent with LPR data in Fig. 7(b). Even after two months of
being left in the laboratory exposed to air, the silica/EDTA/
PDMS sample still showed no signs of an inductive loop (i.e. no
continued corrosion process) unlike the coated surface lacking
EDTA. It is theorized that EDTA’s capability to form chelates
with Fe>* and Fe*" ions may prohibit the adsorption and
relaxation of FeOH.>® This effectively disrupts the charge trans-
fer processes integral to corrosion. Such interference not only
suppresses the appearance of the inductive loop but also boosts
the steel’s overall resistance to corrosion, as reflected by the
higher polarization resistance values.

After the EIS and potentiodynamic polarization tests, water
contact angles of the samples aged for 2 months were reas-
sessed to understand their wetting behavior following solution
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exposure and potential corrosion (Fig. 6(c)). Both advancing
and receding contact angles of the silica/EDTA/PDMS-coated
surfaces decreased to below 90°, and the CAH increased to
~15°. This degradation in the omniphobic properties poten-
tially stemmed from a partial removal of the PDMS chains due
to the applied potential. However, these slightly altered angles
were substantially greater than those observed for the bare steel
or silica-coated steel, indicating that the majority of the PDMS
still remained on the surface. Moreover, the corrosion experi-
enced did not significantly increase the surface roughness
(Fig. 6(a) and (b)) which would magnify the measured contact
angles. Conversely, the silica/PDMS-coated steel fabricated
without the addition of EDTA was substantially rougher, with
deeper valleys, and more pronounced peaks due to corrosion,
as shown above in Fig. 7. This altered topography caused water
droplets to pin on these texture elements, leading to a sub-
stantially larger CAH of ~ 80°.

Summary and conclusion

The primary objective of this study was to formulate an
omniphobic coating tailored for low carbon steel surfaces and
to understand the anti-corrosion behavior of the coating. To
achieve this, a silica layer was first deposited onto the metal
surface, which contained EDTA diluted using a phosphate
buffer. PDMS was grafted to the surface of this silica layer
using vapor-phase chlorosilane deposition, resulting in an
omniphobic surface exhibiting low contact angle hysteresis
with fluid droplets. Not only did the phosphate buffer partially
neutralize the acidic silica solution, the EDTA chelating agent
prevented the incipience of corrosion caused by the silica and
PDMS deposition, both of which contain hydrochloric acid.

The findings presented here indicate that the omniphobic
PDMS layer acts as a corrosion barrier, constraining ion mobi-
lity from the solution to the substrate, thereby reducing corro-
sion rates. However, the HCI trapped during the silica and
PDMS deposition eventually permeates to the steel, inducing
corrosion underneath the coating. This corrosion fosters dee-
per valleys and amplified surface roughness, increasing the
contact angle hysteresis and, consequently, diminishing the
surface’s omniphobic properties. A full layer of rust was visually
apparent on the surface of the steel coated with the silica/
PDMS layer.

Conversely, incorporating EDTA into a buffer solution dur-
ing the silica layer’s application resulted in a coating that
reduced corrosion in three ways. First, the presence of the
omniphobic PDMS reduced ion transfer by preventing water
ingress. Second, the buffer solution neutralized the majority of
the HCl present in the silica formulation prior to coating
deposition. Finally, EDTA embedded within the silica layer
prevented the propagation of corrosion by encapsulating metal
cations. The net result of these three coating features was a thin
omniphobic layer that remained visually uncorroded even after
applying a polarization potential. Supporting this, roughness
parameters remained consistent two months after evaluating

This journal is © The Royal Society of Chemistry 2025
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the electrochemical properties of the coated steel, and these
were corroborated by optical observations. Furthermore, EIS
data revealed the chelating agent’s presence eliminated the
inductive loop (indicative of continued corrosion) that was
observed in samples not containing EDTA, while simulta-
neously boosting resistance to levels more than 40 times that
of the bare metal. While the CAH of the optimal coated sample
did increase following all the testing and after two months of
aging at ambient conditions, it remains to be determined if the
slight degradation in omniphobicity was due to the initial
corrosion present on the unpolished steel, scission along the
backbone of the PDMS chains, or partial delamination of the
silica layer. Regardless, the coating developed here can provide
omniphobic and anti-corrosion properties to metallic sub-
strates that would be severely corroded by conventional omni-
phobic coating fabrication techniques, for applications ranging
from the protection of instrumentation in factories, to oil and
gas pipelines, to marine vessels and off-shore infrastructure, to
agricultural vehicles and machinery.
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