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Abstract
In recent decades water repellent surfaces have appeared with many positive characteristics which are particularly promising in the eld of corrosion protection.
Superhydrophobic (SH) surfaces present minimum contact between wetting liquids and the solid surface due to an air plastron formed between the solid surface
and the liquid. This air layer separates them, acting as a barrier shielding them
from the attack of harmful environments.

Slippery liquid infused porous sur-

faces (SLIPS) have appeared more recently with the ability to protect the metallic
substrate in cases where the metastable nature of the Cassie-Baxter state would
lead to failure, such as long time immersion, high pressure, high temperature, liquid condensation and atmospheric corrosion. This is possible thanks to the liquid
nature of the coating, which is entrapped on the surface and is much more stable
than the compressible air layer.
The rst part of this study presents the fundamental theoretical underpinnings,
as well as the state of the art in the area of SH and SLIPS. As austenitic stainless
steel was chosen as the substrate material for all the coatings described in this
work, the chapter also contains an introduction to the dierent compositions,
nomenclature and the main corrosion mechanisms that aect this material. Basic
electrochemical concepts, both for the fabrication of coatings and for corrosion
behavior characterization are presented. Finally, this work closes with a discussion
about the results obtained with the dierent surface treatments.
The fabrication process and characterization details of the coatings presented
in this work are included in Appendix A to D, following the same format as the
original publications.
In the rst study a SH surface was developed by means of composite electrodeposition of

M oS2

particles in a copper matrix. Dierent electrodeposition

parameters were tested to obtain the highest contact angle and lowest contact angle hysteresis. The wettability and corrosion behavior of the coating were tested in
dierent electrolytes. The stability of the SH coating was assessed by immersing
of the coated sample in water for a long period.
The results obtained after the development of the composite SH surface guided
the research towards creating a coating that used an oxide similar to the passive
V

stainless steel oxide layer. For this, a methodology to grow a self-ordered porous
oxide layer on a stainless steel substrate by means of anodization was carried out.
A design of experiments approach was used to assess the dierent morphologies
that would be obtained applying a wide range of anodization parameters. The
morphology of the oxide layer obtained, composition and the corrosion behavior
were tested in dierent electrolytes.
Subsequently, the self-ordered porous oxide layer was decorated with peruorinated phosphate molecules (FS-100) to obtain a SH coating which was subsequently infused with a peruorinated oil (Krytox) to fabricate a SLIPS. Wettability and corrosion behavior in dierent electrolytes of the SH and the SLIPS
surfaces were analyzed and compared.
Finally, a one-step method to fabricate a SLIPS coating using two dierent
substrates, polished and anodized stainless steel was developed. Surgical scalpels
made of carbon steel and martensitic stainless steel were also coated and tested.
In this work a covalently-bonded polydimethylsiloxane (PDMS) brush infused
with a liquid PDMS layer was fabricated by illuminating a substrate covered by
PDMS with UV light. If the remnants of PDMS oil were removed, then a grafted
sample covered by a PDMS brush was obtained. Wettability and the corrosion
behavior of grafted and infused samples made with the dierent substrates were
analyzed.

Other materials (metals and oxides) were coated to prove the wide-

range applicability of this method. In this paper wettability was not only analyzed
by means of static and dynamic contact angles, but the adhesion of blood and
bacteria were also tested.

VI

Zusammenfassung
In den letzten Jahrzehnten wurden verschiedene wasserabweisende Oberächen
mit vielen positiven Eigenschaften entwickelt, die besonders im Bereich des Korrosionsschutzes vielversprechend sind. Bei superhydrophoben (SH) Oberächen
entsteht lediglich ein minimaler Kontakt zwischen benetzender Flüssigkeit und fester Oberäche, da sich dazwischen eine Luftschicht ausbildet. Diese Luftschicht
trennt die Oberäche und die Flüssigkeit voneinander und wirkt wie eine Barriere,
die sie vor einem Angri schädlicher Milieus schützt. Die seit Kurzem verfügbaren, glatten, üssigkeitsinfundierten, porösen Oberächen (slippery liquid-infused
porous surfaces, SLIPS) können das metallische Substrat in den Fällen schützen,
in denen die metastabile Natur des Cassie-Baxter-Zustands zu Schäden führen
würde, wie z. B. langes Eintauchen, hoher Druck, hohe Temperatur, Flüssigkeitskondensation und atmosphärische Korrosion. Dies ist möglich aufgrund der
üssigen Beschaenheit der Beschichtung, die auf der Oberäche fest anhaftet
und deutlich stabiler ist als eine komprimierbare Luftschicht.
Im ersten Teil dieser Arbeit werden die grundlegenden theoretischen Zusammenhänge sowie der Stand der Technik auf dem Gebiet von SH und SLIPS vorgestellt. Da austenitischer nicht rostender Stahl als Trägermaterial für alle in dieser Arbeit beschriebenen Beschichtungen gewählt wurde, enthält dieses Kapitel
auch eine Einführung in die verschiedenen Zusammensetzungen, die Nomenklatur und die wichtigsten Korrosionsmechanismen, die diesen Werksto betreen.
Es werden grundlegende elektrochemische Konzepte, sowohl für die Herstellung
von Beschichtungen als auch für die Charakterisierung des Korrosionsverhaltens
vorgestellt. Die Arbeit schlieÿt mit einer Diskussion der mit den verschiedenen
Oberächenbehandlungen erzielten Ergebnisse.
Der Herstellungsprozess und die Charakterisierung der Beschichtungen, die im
Zuge dieser Arbeit vorgestellt werden, können im Anhang (A bis D) entsprechend
der Originalpublikationen eingesehen werden.
In der ersten Studie wurde eine SH-Oberächenbeschichtung entwickelt, die
auf der elektrolytischen Abscheidung eines Verbundwerkstoes, -Partikel umgeben von einer Kupfermatrix, fuÿt.

Es wurden verschiedene Parameter für die

elektrolytische Abscheidung getestet, um den höchsten Kontaktwinkel und die
VII

geringste Kontaktwinkelhysterese zu erreichen. Die Benetzbarkeit und das Korrosionsverhalten der Beschichtung wurden mit verschiedenen Elektrolyten getestet.
Die Bewertung der Stabilität der SH-Beschichtung erfolgte durch Eintauchen der
beschichteten Probe in Wasser über einen längeren Zeitraum.
Die Ergebnisse, die nach der Entwicklung der SH-Verbundoberäche erzielt
wurden, leiteten die weiteren Forschungsarbeiten in Richtung einer Beschichtung,
die ein Oxid verwendet, das der passiven Oxidschicht aus nicht rostendem Stahl
ähnelt. Zu diesem Zweck wird eine Methode zum Aufwachsen einer selbstorganisierten porösen Oxidschicht auf einem Substrat aus nicht rostendem Stahl durch
Anodisieren vorgestellt.

Mittels statistischer Versuchsplanung wurden die ver-

schiedenen Morphologien bewertet, die sich bei Anwendung einer breiten Palette
von Anodisierungsparametern ergeben würden. Die Morphologie der erhaltenen
Oxidschicht, die Zusammensetzung und das Korrosionsverhalten wurden mit verschiedenen Elektrolyten getestet.
Anschlieÿend wurde die selbstorganisierte poröse Oxidschicht mit peruorierten Phosphatmolekülen (FS-100) versehen, um eine SH-Beschichtung zu erhalten,
die danach mit einem peruorierten Öl (Krytox) infundiert wurde, um eine SLIPS
herzustellen. Die Benetzbarkeit und das Korrosionsverhalten der SH- und SLIPSOberächen mit verschiedenen Elektrolyten wurden analysiert und verglichen.
Schlieÿlich wurde ein einstuges Verfahren zur Herstellung einer SLIPS Beschichtung unter Verwendung von zwei verschiedenen Substraten, poliertem und
anodisiertem nicht rostendem Stahl, entwickelt. Chirurgische Skalpelle aus Kohlenstostahl und martensitischem nicht rostendem Stahl wurden ebenfalls beschichtet und getestet. In dieser Arbeit wurde eine kovalent gebundene Polydimethylsiloxan (PDMS)-Bürste, die mit einer üssigen PDMS-Schicht infundiert
war, hergestellt, indem ein mit PDMS bedecktes Substrat mit UV-Licht beleuchtet wurde.

Wenn die Reste des PDMS-Öls entfernt wurden, erhielt man eine

gepfropfte Probe, die von einer PDMS-Bürste bedeckt war.

Die Benetzbarkeit

und das Korrosionsverhalten von gepfropften und infundierten Proben, die mit
den verschiedenen Substraten hergestellt wurden, wurden analysiert. Andere Materialien (Metalle und Oxide) wurden beschichtet, um die breite Anwendbarkeit
dieser Methode zu beweisen. In dieser Arbeit wurde nicht nur die Benetzbarkeit
mit Hilfe von statischen und dynamischen Kontaktwinkeln analysiert, sondern
auch die Adhäsion von Blut und Bakterien getestet.
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Chapter 1
Introduction
Stainless steels are alloys that present a wide range of mechanical and corrosion resistance properties. Because of this they are extensively used in many application
elds such as architecture, water treatment, transportation, medicine, energy and
the food industry. In 2020 the global production of stainless steel was 50.892.000
metric tons [1]. However, even though stainless steels are highly corrosion resistant, degradation due to corrosion cannot be completely avoided. It is estimated
that corrosion causes economical losses amounting to between 3% to 4% of each
country's gross domestic product (GDP).

If this percentage is extrapolated to

2017's worldwide GDP, it comprises USD 2.8 trillion [2]. Thus, corrosion mitigation approaches are of paramount importance to reduce such costs. Furthermore,
even though the world is mostly driven by economic goals, corrosion protection
presents huge benets to the environment by reducing the amount of resources
spent to renew damaged materials, as well as preventing fatal accidents, environmental catastrophes due to dangerous chemical leakages, among other benets.
Due to its simplicity and wide applicability, coatings are one of the simplest
methods employed for corrosion protection.

There are many types of coatings,

that thanks to a wide range of possible compositions and application procedures
can meet almost all requirements. Unfortunately, even though coatings protect
the underlying material, in most cases corrosion still slowly takes place. Various
reasons for this are that for example, noble metallic layers (like gold or platinum)
are expensive and cannot be applied for all applications, organic and particularly
polymeric coatings are not 100 % impermeable and cathodic protection coatings
are consumable.
In the last few decades new types of smart coatings have been developed. One
example of a coating that appeared to be particularly promising in the eld of
corrosion protection are water-repelling surfaces. Not only do they act as a barrier
layer, but they also repel water, thus minimizing the contact between the solid
substrate and the liquid.
1
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One family of water-repellent coatings are superhydrophobic (SH) surfaces,
that were created inspired by the Lotus leaf (showed in gure 1.1a). Scientists
noted that when water was in contact with this plants surface, it would not wet it,
but instead it formed droplets with an almost spherical shape. Furthermore, water rolls freely on the surface even with a very low tilting angle collecting particles
(such as dust and pathogens) with it, keeping the surface clean for photosynthesis
(a property now referred to as the self-cleaning eect).

Later, superhydropho-

bicity was formally dened as surfaces that would present a wetting contact angle (WCA) equal or higher than
than

◦

10

150◦

and a contact angle hysteresis (CAH) lower

.

A systematic study of the Lotus leaf 's surface revealed that superhydrophobiciy
was produced by two characteristics:



A rough surface with features in the nm/µm scale (hierarchical roughness).



A low surface energy that stems from nanometer-sized wax crystals.

It was also found that due to these two characteristics, only a very small surface
area was in contact with the water, thus avoiding water pinning and allowing the
droplets to freely slide on the surface. These two characteristics also reduce the
attachment of contamination particles to the solid. As the particle anity towards
water is higher than to the surface, the rolling droplets produce the self-cleaning
eect. Through biomimetics, these two characteristics were used as a recipe to
fabricate man-made SH surfaces.

(a) A water droplet over a Lotus leaf.

(b) The Pitcher plant

Figure 1.1: Natural inspiration for developing water repellent surfaces. (a) a Lotus leaf, and
(b) a pitcher plant. Pictures taken with permission from [3].

The low pinning of the liquid and the low contact between it and the solid is
produced by an entrapped air layer generated by the Cassie-Baxter wetting state,

3

responsable for protecting the substrate material. However, it was found that the
Cassie-Baxter state is metastable, leading to a total wetting (called Wenzel state)
under some conditions like prolonged immersion, high temperature or pressure,
mechanical damage of the surface, wetting by complex media, among others.
A recent alternative to superhydrophobic surfaces was introduced as a new
type of water repellent surface. The inspiration for this new coating was another
of nature's examples: the pitcher plant ( Figure 1.1b). These plants have leaves
that function as a pitfall trap. The leaf consist of a pitcher-like cavity, covered by
a rough structure which is stably infused by a water-based layer. This surface is
now called slippery liquid infused porous surfaces (SLIPS). Using this mechanism,
insects can crawl into the entrance of the pitcher cavity, and once inside their
naturally oiled legs are repelled by the water-based SLIPS surface and they fall
inside, preventing them from leaving. The pitcher plant will then digest the insects
and adsorb their nutrients.
To reproduce a SLIPS surface, once again two characteristics have to be met:



A rough structure capable of immobilizing the infused liquid layer.



The surface energy of the solid needs to match that of the infusing liquid
to ensure that the surface will be fully covered, and further aid the liquid
retention. This will also ensure that the surface will be preferentially wetted
by the infusing liquid and not by one that needs to be repelled.

In many cases, fabrication of a SLIPS surface comprises a rst step with the
fabrication of a SH surface and subsequent infusion of this surface with a liquid matching the surface energy of the previous step. Depending on the liquids
that need to be repelled, the infusing liquid can be dierent.

For example u-

orinated oils are immiscible by many compounds and their low surface energy
allows many organic compounds to be repelled.

Silicon oils are miscible with

more organic liquids, although their inert nature and excellent water repellency
allows their application in environmentally friendly applications like prevention of
biofouling adherence in marine environments or biomedical applications repelling
blood, body uids and bacteria attachment.
In this work dierent SH and SLIPS surfaces were fabricated using AISI 316L
stainless steel as a substrate.

The rst SH surface was fabricated by means of

composite electrodeposition of a rough copper layer decorated with

M oS2

parti-

cles. For the next coatings, as both SH and SLIPS coatings require a rough surface
morphology, a self-ordered porous oxide layer was grown on stainless steel to take
advantage of its protective passive characteristics.

Morphology and corrosion

behavior were studied prior to further modication of its wettability characteristics. Subsequently, the oxide layer was decorated with peruorinated phosphate

4
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molecules (FS-100) to transform it into a superhydrphobic surface.

This sur-

face was subsequently infused with uorinated Krytox oil to develop a SLIPS
surface.

In another set of experiments, the porous oxide was decorated with

polydimethylsiloxane (PDMS) molecules to create a grafted brush by illuminating a stainless steel substrate covered by a thin PDMS layer with UVB light.
This one-step process produced a SLIPS coating. For all the fabricated coatings,
the wettability and corrosion behavior was studied in dierent electrolytes using
dierent electrochemical techniques.

Chapter 2
State of the art and fundamentals
2.1

Basics on stainless steel

Steels are ferrous alloys made mainly of iron and carbon that present a wide range
of mechanical properties and corrosion resistance. Alloy steels are alloyed with
a small concentration of Cr, Ni and Mo (0.5-1%), although while their mechanical properties are improved, their corrosion resistance is similar to that of steels.
When a steel is alloyed with at least 10.5% Cr [4], the corrosion resistance improves signicantly, and it is called stainless steel. These steels are used in a wide
variety of applications, from architectural structures in the open air to highly
corrosive environments such as the sea or the chemical industry [4].

In 2019,

worldwide production of stainless steel was almost 52.2 million metric tones [5],
and as it can be recycled multiple times, it is a fundamental material to support a
circular economy. From this, 37.5% of stainless steel was used for general metallic
products, 29.1% for mechanical engineering, 12.2% for construction and so on [6].
There are many designations used to refer to dierent families of stainless
steels. One of the most frequently used is the one developed by the American Iron
and Steel Institute (AISI).

Depending on their composition and corresponding

microstructure and mechanical properties, stainless steels are categorized in ve
dierent groups.
The rst family are ferritic stainless steels (denominated as AISI 4XX), that
comprise around 30% of stainless steel production. Is the simplest composition
that can be used, as the main alloy element is Cr (between 15 to 30 % [4]) which is
a ferrite stabilizer. Their cubic crystal system (BCC) microstructure gives them a
very high yield strength but a low ductility, work hardenability and low solubility
for interstitial elements like C and N, making these alloys prone to sensitization.
As a consequence, ferritic stainless steels have a low C content and are also alloyed
with stabilizers like Ti and Nb. Their high Cr content makes this material highly
corrosion resistant, thus they are used in storage tanks and kitchenware.
5
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The next group are austenitic stainless steels (AISI 2XX and 3XX), which
represent around 55% of all developed stainless steels.

These steels are alloyed

with Cr (16-26%) but also Ni (7-22%), Mn and N to stabilize the austenitic microstructure.

Ni and Mo increase their corrosion resistance, especially against

pitting corrosion [7].

Their face-centered cubic (FCC) microstructure can sup-

port a higher concentration of interstitial elements (such us C and Ni) than the
ferritic stainless steels, but also present lower yield strength, higher ductility and
toughness.

This leads to an easier workability and makes this the most widely

used stainless steel. However, welding and extended high temperature exposure
can also lead to sensitization, therefore some austenitic grades are fabricated with
lower C content (<0.3%).
Duplex stainless steels combine the corrosion resistance of the ferritic microstructure, and the toughness and workability of the austenitic phase, with
approximately a 50-50% proportion. The alloy elements used are Cr (21-23%),
Ni (4.5-6.5%), Mo (2.5-3.5%) and Mn (2 %) and a maximum of carbon content
of 0.03%.
Martensitic stainless steel (AISI 5XX) are similar to the ferritic group, but
with a Cr content between 12-20% and higher C content (0.1-1%). At high temperature the microstructure is austenitic, but after a quenching step a martensitic
microstructure is obtained. Even though this leads to a compromised corrosion
resistance, these steels present better mechanical resistance than other groups.
Because of this, they are used in mild corrosion environments like atmospheric
corrosion or fresh water [8].
Precipitation-hardening stainless steels (AISI 6XX) are alloyed with Cr and Ni
and after a thermal treatment intermetallic particles with Cu and Al precipitate.
As hardening is produced after fabrication, the workability of this grade is high,
however it cannot be exposed again to high temperatures as overaging of the
precipitates will occur.
steel.

Its corrosion resistance is similar to austenitic stainless

Its high strength/weight ratio makes this alloy an excellent option for

spacecraft and space applications [8].

2.2

Corrosion of stainless steel

Corrosion resistance of stainless steel stems from the formation of a chromium-rich
oxide-hydroxide layer (with a few nanometers thickness) that acts as a passivating
barrier, shielding the metallic substrate from the environment. Its protection capabilities can be enhanced or decreased due to many factors such as alloy elements,
its thickness, presence of defects or inclusions, among others. The conditions in
which it is formed depend on the steel composition and the environmental condi-

2.2.
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(a) Uniform corrosion

(b) Pitting corrosion

(d) Intergranular corro-

(e) Stress corrosion crack-

sion

ing

Figure 2.1:

(c) Crevice corrosion

(f) Galvanic corrosion

Representation of the main types of corrosion:

a) uniform corrosion and b-f )

localized types of corrosion.

tions. In addition, it might be formed spontaneously when coming into contact
with air or via chemical or elctrochemical processing.
Once the material is passivated, corrosion will take place through the oxide
layer very slowly. If this oxide layer is damaged, the metallic substrate will react
with the environment to restore it.

However, if this is not the case and the

passive layer does not regenerate, for example due to the lack of oxygen in the
environment or transpassivity, the stainless steel will corrode as a normal steel.
Figure 2.1 shows the main corrosion mechanisms aecting stainless steels and
other passive materials. They are mainly prone to suering from localized types of
corrosion, eventhough in some extreme conditions uniform corrosion can also take
place. In addition to the alloy composition and surrounding environment, almost
all corrosion processes are temperature dependent, with a critical temperature
threshold value for its onset.
The rst type of corrosion (Figure 2.1a) is called uniform corrosion, which
attacks the whole surface evenly. This happens as the entire surface acts both as
an anode and cathode. Due to its passive layer, stainless steels are resistant to
this type of corrosion and only in cases where the passive oxide layer is not stable
will the material be uniformly attacked. Because of this, this type of corrosion
will generally occur when the wrong stainless steel grade is chosen for a certain
application, e.g. low chromium ferritic stainless steel will suer uniform corrosion
in moderate concentrated hot sulfuric acid electrolytes [4].
Pitting corrosion (Figure 2.1b) is a localized type of corrosion that takes place
due to damage of the passive lm in halogen-containing solutions, such as chloride
ions [9]. When the ions come into contact with the passive oxide lm it will be
locally destroyed. In some cases, the formation of pits is metastable and the steel

8
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will be able to form a new passive layer. However, if stable pitting takes place, the
passive oxide layer will not form again and the metallic substrate will be exposed
and thus corrode freely. Manganese suldes and other contamination inclusions on
the steel's surface can also hinder the formation of the passive lm also leading to
this type of corrosion. The active metallic substrate in this spot will concentrate
the anodic reactions while the more noble passivated surrounding area will act
as the cathode. Once the pit grows, it will also act as a crevice (see bellow for
crevice corrosion) accelerating its growth even more.

Cr and Mo are the main

alloy elements that protect stainless steels from pitting corrosion. In contrast to
what happens with uniform corrosion, pitting can be very dangerous, as with the
rst type the thickness reduction of a material can be calculated (generally in
mm/year, see equation 2.6) while the latter can perforate the material without
having been identied until a leak occurs.
The next type of corrosion is called crevice corrosion (see Figure 2.1c) and it
is generally produced by faulty geometrical designs. Similar to what happens in
pitting corrosion, it occurs when cavities are formed due to geometrical design,
contamination attachment to the surface and many other causes. The cathodic
reaction in all the metal surfaces in contact with an electrolyte will lead to consumption of oxygen (see equation 2.12).

The metal in contact with the bulk

electrolyte has an innite supply of oxygen to replace the consumed amount. But
the fact that it cannot diuse easily inside the crevice leads to a depletion of its
concentration. This dierence in the oxygen concentration will lead to a concentration cell, where the metal surface in contact with the bulk electrolyte will be
the cathode, and the one inside the crevice will be the anode.

Additionally, if

the passive lm is damaged, for example while xing a bolt, there will not be
sucient oxygen for the passive oxide layer to form again. Furthermore, metal
cations trapped in the crevice will hydrolyze with water, producing

H+

ions that

will increase acidity inside the crevice:

F e2+ + 2H2 O → F eOH + + H +

(2.1)

F e2+ + 2H2 O → F e(OH)2 + 2H +

(2.2)

Consequently, a migration of chloride ions towards the interior of the crevice
will take place to ensure charge neutrality, creating an even more harmful environment. Because of this, not only are environment conditions important when
selecting a stainless steel, but also the geometrical design will be of paramount
importance for the performance of the material.
The next type is called intergranular corrosion (see Figure 2.1d), as it is a local-

2.2.
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ized attack restricted to the grain boundaries of the alloy. Stainless steel possesses
a crystalline structure that is saturated in interstitial C. When stainless steel is
heat treated (depending on the temperature and time), the carbon in the metallographic crystal structure will diuse and form chromium-rich carbides

Cr23 C6 ,

nitrides or other intermetallic phases in the grain boundaries (called sensitization).
This will provoke chromium depletion in the surroundings of the precipitates, that
upon reaching a threshold value (lower than

10%),

will not longer form a protec-

tive passive oxide layer and will freely corrode. In addition, a galvanic coupling
between the active grain boundaries and the rest of the passivated surface will
accelerate corrosion even more. Depending on the composition of the alloy, sensitization can take place with a wide variety of velocities, either very rapidly such
as in welding processes or after prolonged high temperature service times.
Stress corrosion cracking (SCC), shown in Figure 2.1e, results from the combination of a corrosive environment and a sustained mechanical stress. Ferritic
grades are more resistant to this type of corrosion while the austenitic ones are
more susceptible. The attack can start as pitting or crevice corrosion and grow due
to the applied stresses, resulting in a catastrophic failure once the crack reaches a
critical length. This can be particularly dangerous for pressurized tanks or architectural constructions. In addition, stresses may develop during service, but can
also arise as residual stresses from the fabrication process.
Galvanic corrosion (Figure 2.1f) occurs when a certain material is coupled with
a more noble one according to the electrochemical series [10], for example when a
stainless steel structure with steel bolts, or a copper and a steel pipe are connected.
In this way, the more noble material will act as a cathode and the more reactive
as the anode, concentrating the corrosion reactions. If the area of the cathode is
much higher than the anode, corrosion of the anodic material can be very fast,
as it has to balance the large cathodic reactions. However, this can be used as
an advantage when coupling a less noble material (sacricial anodes) to one that
needs to be protected (e.g. ships or water tanks connected to zinc cathodes). Due
to its passive behavior in a wide range of voltages, stainless steel is not highly
susceptible to galvanic corrosion.

In this way, as long as the galvanic coupling

increases the corrosion potential inside the passive range, the stainless steel will be
protected. However, if the environment leads to a decrease of the passive range,
i.e. due to the presence of chloride ions, the galvanic coupling might increase the
corrosion behavior towards values higher than the pitting potential, leading to its
preferential corrosion.
There are dierent methods that can be employed to asses corrosion behavior
of a material:



Gravimetric techniques are used to measure gain or weight loss with a scale.
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For example, Mg forms corrosion products that can be dissolved after the
experiment, thus the dierence between the initial and nal weight will give
the metal amount lost during the corrosion process [11].



pH measurements can give information about hydrogen or oxygen reduction
reactions. Also, metal ions or other corrosion products can be analyzed to
characterize the degradation of the material.



When one of the corrosion products is a gas, e.g. hydrogen evolution in the
case of Mg or hydrogen reduction in the case of Al corrosion in an acidic
electrolyte or oxygen reduction in an oxygen containing electrolyte [11, 12],
gasometric techniques can be employed converting gas volume into charge
through the ideal gas law.



Thickness measurements can be employed to qualitatively asses the velocity
in which a material is degrading, like pipelines.



Thinning of metallic lms or wires can also be assessed by monitoring the
resistance of the specimen. Thinning will lead to an increase of the resistance,
and the geometrical section of the material can be calculated when knowing
the resistivity.



Electrochemical techniques oer a wide range of possibilities. There are two
types of techniques that can be used: alternating current (AC) and direct
current (DC). The advantage of this methods is that it does not only gives
information about how fast corrosion is occurring, but it also allows to gain
insight into the corrosion mechanisms that are taking place.

2.3

Electrochemistry basics

Corrosion takes place when there is an electrical contact between the metal surface
and an electrolyte, which can be produced by many causes. It occurs as a result
of the operation of coupled electrochemical half-cell reactions, where a movement
of

e− 

takes place through a metallic couple that connects anodic (see equation

2.3) with cathodic sites (see equation 2.4 and 2.5) and an electrolyte (a solution
capable of conducting a current).

M → M n+ + ne−
2H + (aq) + 2e− → H2 (g)
O2 (g) + 2H2 O(l) + 4e− → 4OH −

(2.3)
(in acidic electrolytes)

(2.4)

(in basic or neutral electrolytes)

(2.5)
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Both types of reactions act simultaneously and the

e−

produced by the anodic

reaction are consumed by the cathodic reaction. This charge movement can be
measured as a current, and Faraday's Law can be used to transform the current
ow into metal loss:

W =

ItA
nF

(2.6)

where I is current (A), t is time (seconds), A is the atomic weight of the
metal, n the number of equivalents transferred per mole of metal and

96500C/equivalent

F ≡

is called the Faraday constant.

0

Each half-cell electrochemical reaction's standard potential (E ) is given by
the electromotive force (EMF) series, which arbitrarily assigns the potential value
of zero volts (equation 2.7) at standard conditions (1 unit activity and 1 atm
pressure) to the hydrogen reduction reaction and from this compares all the halfcells reduction reaction potentials.

2H + (aq) + 2e− → H2 (g)

E0 = 0 V

(2.7)

However, when the electrochemical reaction (equation 2.8) occurs at no standard conditions, the potential is described by the Nerst equation (equation 2.9).

aA + bB + ne ⇔ cD + dD
E = E0 −

2.303RT
ac ad
log Ca D
nF
aA abB

(2.8)

(2.9)

Consequently, the coupled electrochemical cell reaction will have the following
potential:

Ecell = Ecathode − Eanode

(2.10)

This will take place (spontaneously) as long as the Gibbs free energy is negative:

0
4Gcell = −nF Ecell

(2.11)

From equation 2.9 it can be seen that a change in the composition of a solution
will also lead to a change in the half-cell potential, creating what is called a concentration electrochemical cell. As discussed previously, this is the case of oxygen
depletion in crevices and pitting corrosion.
reaction at 25



For example, the oxygen reduction

will follow the Nerst equation as follows:

O2 + 2H2 O + 4e− → 4OH −

(2.12)
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Counter
electrode
Electrochemical
cell

Reference
Potentiostat

electrode

Sample

(a)

(b)

Figure 2.2: (a) Electrochemical cell connected to the electrochemical station and to the computer and (b) a closer look to the inside of the electrochemical cell where the position of the
working electrode, counter electrode and the tip of the reference electrode can be seen.

[OH − ]4
0.0591
× log
E=E −
4
P (O2 )
0

If inside the crevice

P (O2 )

(2.13)

(the oxygen pressure) decreases compared to the

bulk electrolyte, then its half-cell potential will also decrease.

As a result, the

crevice (or pit) will behave like the anode concentrating the degradation of the
material.

2.3.1 The electrochemical cell
To assess the corrosion behavior of a sample in a given electrolyte, the so called
three-electrode electrochemical cells are used.

A simple setup is connected to

an electrochemical station which applies a bias (potential or current) and measures the system response. As shown in Figure 2.2, the sample is exposed to the
electrolyte through an O-ring-sealed circular opening, which limits the exposed
electrode area. The sample (working electrode) and an inert electrode (counter
electrode) are connected by an external conductor so that the total current of the
system can be measured. Between the metallic surface of the electrode and the
electrolyte, the electrical double layer is formed, which is responsible for changes
in the potential (referred to as the electrode potential). However, it is not possible to measure the potential of only one electrode, thus a third electrode is used
(reference electrode), which consist of a half-cell electrochemical reaction with
a stable potential.

The most common example is the standard hydrogen elec-

trode (SHE) from equation 2.7 in which, as mentioned previously, the value is

2.3.
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log |i|

Current density

itotal
ia

OCP

↑

Anodic

↓

Cathodic

icorr

E

Ecorr

ic

E

(a) Anodic, cathodic and total current

(b) Tafel plot from the total current in plot

density

(a).

Figure 2.3: Current density vs potential given by the Butler-Volmer equation. a) shows the
anodic, cathodic and total current density while b) shows the total current semi-logarithmic
plot from a) and the

dened as

Ecorr

E0 = 0 V .

and

icorr

obtained with the Tafel method.

Due to the fact that using the SHE in the laboratory is not

practical, other reference electrodes are employed, such as the Ag/AgCl reference
electrode (which was used in the experiments performed in this study), with the
following half-cell reaction:

AgCl(s) + e− → Ag(s) + Cl− (aq)

E 0 = +0.222 V

(2.14)

This electrode consists of a silver wire coated with silver chloride and immersed
in a 3 M potassium chloride solution saturated with silver chloride, presenting a
potential of

E 0 = +0.222

V at

25 

(regarding to the SHE).

It is important to point out that not all reference electrodes can be used for all
experimental conditions. In particular, the Ag/AgCl reference electrode cannot
be used in basic electrolytes, since Ag2 O will form in the surface of the silver
wire instead of AgCl [13] and interfere with the proper functioning of the electrode. For such cases, a leakless Ag/AgCl reference electrode can be employed
which has a polymeric membrane that separates the reference electrode and the
electrochemical cell electrolytes, thus avoiding their reaction.

2.3.2 Polarization curves
The current measured in the electrochemical cell is comprised of the sum of all the
anodic and cathodic currents (Figure 2.3a). When the system is in equilibrium
both currents have the same value but with opposite signs. Because of this, the
total current will be zero (called open circuit potential (OCP)).
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Transpassive region
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Active

Pitting
corrosion
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Ecorr

Tranpassive E
potential

Figure 2.4: Polarization curve of a passive material with its characteristic features.

Polarization of the system is given by the over potential:

η = E − EOCP

(2.15)

EOCP is the equilibrium potential and E is the externally applied potential. If η > 0 the polarization will favor anodic reactions (anodic polarization)
and if η < 0 the cathodic reaction will prevail (cathodic polarization). The total
where

current measured when the polarization is due to charge transfer over voltage is
given by the Butler-Volmer equation and is depicted in Figure 2.3a.
seen that when the overpotential is high (generally

±50 mV

It can be

[14]) one type of

reaction will prevail over the other, anodic over cathodic or vice versa for positive or negative overpotentials, respectively. However, it is of interest to know
the anodic current, as this is (in most cases) the current related to the corrosion
and degradation of the material. For this reason, a semilogarithmic plot of the
current vs potential is used (Figure 2.3b). If the slopes of the anodic and cathodic
branches are projected and intersected, then the corrosion current
sion potential

Ecorr

Icorr

and corro-

will be found (called Tafel method). However, it is important

to take into account that deviations in the polarization curves due to dierent
corrosion mechanisms can lead to high errors in the calculated values. In general
this method is used as an approximation for qualitative evaluation, and will not
provide a reliable value.
Another phenomena that can be evaluated through polarization curves are the

2.3.
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mechanisms by which a material reacts with the electrolyte. For example, if the
material is uniformly corroding it will present an active behavior as shown in
Figure 2.3b. But in the case of passive materials like stainless steels the anodic
branch of the polarization curve will be quite dierent (Figure 2.4). Starting from
the OCP and moving in the anodic direction the current will start to rise, until
a maximum called critical current density is reached. After this point, starting
from the Flade potential, the current will be dramatically reduced due to the
formation of a protective passive oxide layer on the surface. While the potential
continues to increase, current density will maintain a low value (passive current)
until it starts to rise again (tranpassive potential). This is due to the fact that at
this potential the oxide layer is no longer thermodinamicaly stable, and as it is
dissolved the metallic substrate will be exposed to continue corroding freely. In
cases where chloride containing electrolytes are used, the ions will attack the passive oxide layer and the current will start to increase at potentials lower than the
transpassive potential (see pitting corrosion in section 2.2). Such a polarization
curve shape is typical for materials that form passive oxides like stainless steels
in many conditions, or carbon steels in basic electrolytes.

2.3.3 Electrochemical impedance spectroscopy (EIS)
Potentiodynamic polarization is a destructive method as it needs high voltages to
evaluate the corrosion behavior of a material. On the other hand, electrochemical
impedance spectroscopy (EIS) is a non destructive method which applies dierent
sinusoidal voltage signals with amplitudes that ranges between 10 to 20 mV [10,
14]. By applying an alternate potential signal with a wide range of frequencies,
the response of the electrical double layer will give information about what is
happening at the surface of the electrode. From the response obtained a circuit
can be modeled to represent the dierent reactions that are taking place.

For

example, the surface of a smooth metal electrode can be represented by the circuit
shown in Figure 2.5a. In the circuit, the components represent the double layer
capacitance (CDL ), the faradaic resistance (RP ) and the ohmic resistance of the
solution (RΩ ).
One common way of representing the system response is the so called Nyquist
plot. In this plot, the negative value of the imaginary component is plotted against
the real component of the impedance. It can be seen that in the abscissa at the
high frequencies the impedance corresponds to the ohmic resistance, while at low
frequencies the impedance represents the sum of the ohmic and polarization resistance. At intermediate frequencies the impedance will also present a capacitive
behavior and can be used to nd

CDL .

Unfortunately, this plot does not give in-
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Figure 2.5: (a) Representation of a circuit simulating the response of the electrical double layer
in the metallic electrode/electrolyte interface. In (b) the Nyquist plot and in (c) the Bode plot
of the response from circuit in (a).

formation on how the impedance changes with the frequency, and the maximum
value of

Z

00

does not always correspond to a data point, thus curve tting might

be necessary. A second way to represent the current signal is by means of Bode
plots. In this case the logarithm of the impedance and the phase angle are plotted
as a function of the frequency. More complex systems, such as porous oxides, will
also require more complex circuits, which can become very dicult to t.

For

example, when the reactions in the electrode surface are controlled by diusion of
species through the diusion layer, the modeled circuit will also have a Warburg
element. Despite this, EIS measurements can give very useful information without requiring a modeled circuit as is the case of the impedance at low frequencies
for assessing the eciency of corrosion inhibitor molecules in electrolytes [10].

2.4

Coatings for corrosion protection

Corrosion protection starts with the right selection of a material for a certain service condition that must meet mechanical and corrosion resistance requirements.
However, it is not always possible to fulll both requirements simultaneously.
Consequently, other measures have to be adopted to protect the material from
the environment such as alloying elements, geometrical design, modication of the
environment in contact with the material, employing inhibitors or coatings, an-

2.4.

17

COATINGS FOR CORROSION PROTECTION

odic or cathodic protection [8]. Changing the surface chemical composition using
a coating is a simple solution that can act as a barrier between the material and
the harmful environment, and can also include more complex mechanisms like
the inclusion of corrosion inhibitors, galvanic protection particles, among many
others. Protective coatings act as physical barriers that prevent the material from
coming into contact with the harmful environment. To achieve this, it must possess good adhesion and a certain mechanical resistance in order to avoid damage
such as pores or cracks that would expose the underlying metal.
The protection of coatings can also be understood from the perspective of electrochemistry. As seen in section 2.3, while in equilibrium the corrosion reactions
will take place at the

Ecorr ,

each of the half-cell anodic and cathodic reactions

will be controlled by the anodic (more positive) or cathodic (more negative) overpotential:

na = Ecorr − Ea

na > 0

(2.16)

nc = Ecorr − Ec

nc < 0

(2.17)

Following this, the potential of the coupled electrochemical cell can be rewritten as a function of the overpotentials, and the anodic potential can be replaced for the corresponding corrosion current:

Ec − Ea = [nc ] − icorr R

(2.18)

It can be seen that the corrosion current will depend on the cell potential, the
anodic and cathodic overpotentials and the resistance of the system:

icorr =

(Ec − Ea ) − |nc |na
R

(2.19)

Using the relationship given by equation 2.19, Schweitzer [15] sorted the different kind of coatings in a very interesting way according to the electrochemical
mechanism employed to enhance corrosion resistance:



EMF control protection:

As the name indicates this coating is chosen

according to the EMF of the system, by selecting half-cell reactions that are
nearer in the EMF scale. For example, in the open atmosphere

O2

reduction

is the regular cathodic reaction (equation 2.5), and as its concentration is
generally stable, its potential is also constant. In this way, coatings made of
a material with a half cell potential closer to the oxygen reduction half cell
potential will reduce the EMF. One example is using a continuous layer to
coat Fe with Cu, Ag or Au.
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Increase in cathodic overpotential will lead

to a preferential corrosion of the sacricial coating (galvanic protection). In
a rst step the material is fully covered by the coating that will also act as a
barrier. But once the coating is damaged, it will corrode preferentially and
only once it is fully destroyed will the substrate be attacked. For iron and
steel protection metals with a low potential in the EMF list are used, such
as Zn, Al, Mn, Cd among others.



Anodic control protection:

In this case a material is coated with a more

noble one, that will corrode less in contact with the environment and will
prevent the base material from reacting. This type of coating is also used for
decorative purposes, such as Ag or Au. The risk with this type of coating
is that if it is damaged, the more reactive substrate material will corrode
preferentially, and the corrosion reaction will be enhanced by the higher
cathode area.



Mixed control protection:

In this case, both anodic and cathodic overpo-

tentials are created. For instance, the addition of sulfates to Ni coatings will
decrease its corrosion protection. The less noble Ni is used as an intermediate layer between the substrate and a more resistant Ni layer. In this way
when corrosion penetrates the outer layer, the attack will be concentrated
sideways in the intermediate layer without aecting the steel substrate.



Resistance control protection:

This type of coating increases the resis-

tance of the corrosion cell by reducing the ions and charge movement through
the coating like oxides, organic and ceramic materials, glass lining, porcelain
enameling, and non-permanent coatings as oils and greases.
The mechanism with which a coating will protect a substrate depends mainly
on its composition. Consequently, coatings can also be divided in groups using
these criteria: organic, inorganic, conversion and metallic coatings.
There are many inorganic materials used for coatings such as ceramics, porcelain enameling, cementitious, etc [8, 16] but one of the most commonly used
are protective oxides (also called passive oxides).

These oxides can be formed

chemically, electrochemically or by heating the material, enhancing the oxidation
of its surface in a controlled way forming a protective oxide layer. The process
of growing an oxide electrochemically is called anodization, and can be used to
grow layers with dierent features like compact or porous oxides, which in turn
have various applications including corrosion protection or increasing adherence
for subsequent layers such as paints. Examples of metals that can be passivated
are Cr, Fe, Ti, Al and many others.

However, it is vital to take into account

2.4.
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changes in the environment as it can provoke a change from a passive to an active
behavior. For example, iron passivates in alkaline solutions but is very reactive
and dissolves in acidic ones [14].

Alloying steels with Cr, Ni, and Mo (among

other elements) to spontaneously form protective passive oxide layers is a further
example [8].
Organic coatings like paints are very used for tanks, steel structures or pipelines.
They are made of polymeric materials that act as a barrier for ion mobility, although all polymers are permeable to water and oxygen to some extent [15].
Water permeates due to concentration gradients, osmosis due to corrosion products concentration in the interface, or due to capillary forces in pores or defects.
Consequently, they are also combined with pigments to further enhance the substrate protection which are particles that can be inert, act as corrosion inhibitors
or oer cathodic protection (like aluminum powder, chromates or zinc powder,
respectively) [8, 15]. When corrosion takes place through organic coatings, it will
follow the same mechanism of an uncoated surface (although in a slower manner).
In this way, water, oxygen and ions will migrate through the coating, an aqueous
phase will accumulate between the substrate and the coating thereby activating
anodic and cathodic sites that will lead to the deterioration of the surface. The
accumulation of corrosion products will lead to high ion concentrations and pH
values accelerating corrosion and preventing the coating from adhering [15].
Conversion coatings are produced by a reaction of the material substrate producing metallic ions that will react with the coating solution and precipitate in
the surface forming a layer of inert or insulating corrosion products by chemical
or electrochemical reactions. For instance, when iron, steel or Al (among other
materials) are submerged in a solution containing phosphoric acid, metal ions will
precipitate as phosphates on the surface [8].

Conversion layers create an insu-

lating barrier, decrease the oxygen reduction reaction [17] or create a protective
passive layer [15]. As the precipitation occurs in the cathodic sites, the anodic
sites will remain free leading to porous phosphate layers. [15] However, this can
be benecial, for example to enhance adhesion of other types of coatings (like
organics). As phosphate layers are more stable in neutral environments, within a
pH range of 6-7, the corrosion protection is limited to some applications [15].
Another possibility is to use conductive materials like metals and conductive
polymers [8].

Metallic coatings are widely used for corrosion protection, wear

resistance or purely aesthetical purposes. These coatings can consist of pure metals or alloys and will protect the base material either anodically or cathodically
(with the mechanisms shown above). There are many methods that can be used
to apply metallic coatings, such as electrodeposition, electroless plating, hot-dip
galvanizing, cladding or thermal spray [15, 18].

In this study we focus in elec-
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trodeposition, which was used to create a composite layer of

M oS2

particles in a

copper matrix.
Metallic coatings can be paired with a phosphate or chromate conversion process to increase their resistance and adhesion. Noble and active coatings can also
be combined to produce an enhanced protection.

For example metal car parts

(like bumpers) have several layers with an intermediate Ni layer and an outer
Cr layer.

The Cr layer is more noble, but as it is porous corrosion will take

place through it and become concentrated in the intermediate Ni layer. In this
way it will maintain desirable surface aesthetics and protect the underlying metal
substrate by concentrating corrosion in the intermediate Ni layer [8].

2.5

Superhydrophobic and slippery liquid infused porous
surfaces

In recent years, modern smart coatings that can separate the material from the
environment in dierent ways have been introduced. One mechanism by which
this is accomplished is by superhydrophobicity, meaning that when these surfaces
interact with water they will repel it and create an air layer, thus preventing the
substrate material from coming into contact with the harmful electrolyte. This
type of surface is very promising for the corrosion protection industry.

More

recently another type of coating was created, which was introduced as an improvement on superhydrophobic (SH) surfaces known as slippery liquid infused
porous surfaces (SLIPS).
In this section an introduction to wettability is given and subsequently these
two types of surfaces are explained.

2.5.1 Wetting Fundamentals
Wetting describes the interaction between a solid surface and a liquid when they
are in contact with each other. What happens during this interaction can be used
to characterize in a qualitative manner many properties of the surface, such as its
composition, homogeneity and roughness.
Atoms in the bulk of a material are surrounded by other atoms in a state of
equilibrium. However, atoms in the surface have fewer surrounding ones, leading
to a higher energy state that in the bulk region. This surface energy will control
the interaction with other materials, as in the case of wetting [19]. In liquids, the
inward force that pull the atoms towards the liquid is responsible for the surface
tension.
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Figure 2.6: A droplet wetting a smooth surface with its corresponding wetting contact angle

θ

and the corresponding interfacial energies of the dierent interfaces between the solid, liquid

and vapor.

The wetting behavior is generally characterized by measuring the wetting contact angle (WCA), by controlled deposition of a liquid droplet on the surface.
When a droplet comes into contact with the surface it will form a spherical cap
(see Figure 2.6), and the circle that forms in the boundary is where the three
phases coexist (solid, liquid and vapor). The angle

θ

that is formed between the

liquid surface and the solid on the inner side of the droplet is called the wetting
contact angle (when the droplet is small enough to ignore any deformation caused
by gravity eects).
In the 19th century Thomas Young, studied the contact angle of liquids interacting with dierent materials.

He stated that if the droplet is in equilibrium,

then the forces acting on the three-phase line will be in equilibrium too, thus the
sum should be zero:

Fsg − Fsl = Flg cos θ

(2.20)

This equation was later modied, replacing the forces by the surface energy (γ ),
which can be proved to be thermodinamicaly equivalent:

γsg − γsl = γlg cos θ
where
phase,

γsl

γsg

(2.21)

is the surface energy of the interface between the solid and the gas

between the solid and the liquid and

γlg

between the liquid and the gas

phase. This new version of the equation is now known as the Young equation.
Taking into account that a system will try to lower its energy, the wetting
behavior of a liquid on a surface can be qualitatively predicted in terms of the
interfacial energies. If the
much as possible.

γsl

γsg , the liquid will try to wet as
the γsg is lower than the γsl , the

is lower than the

If, however, the energy of

surface willprefer to stay dry.
The wetting behavior of surfaces can be sorted into dierent categories depending on the WCA (see Figure 2.7). If the contact angle is lower than

90◦ ,

the
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Figure 2.7: A liquid droplet on a (a) superhydrophilic, (b) hydrophilic, (c) hydrophobic and
(d) SH surfaces according to the wetting contact angle.

liquid will preferentially wet the surface, and is called hydrophilic. If the contact

90◦ , then a small droplet will maintain a spherical cap shape,
◦
and the surface is called hydrophobic. If the contact angle is higher than 150 ,
◦
then the surface is called superhydrophobic, and if it is much lower than 90 then
angle is higher than

is considered superhydrophilic.
Materials with a high surface energy like metals or oxides are hydrophilic. On
the other hand the following chemical components (in decreasing order) are known
to present a low surface energy (−CH2

> −CH3 > −CF2 > −CF2 H > −CF3

[20]) and are thus hydrophobic. The highest contact angle that could be achieved
on a smooth surface was shown to be

−CF3 chemical groups [20, 21].

120◦

on a compact smooth surface with

Due to low adherence of substances to uorinated

compounds, these surfaces are easy to clean, however, with a smooth morphology
they cannot reach superhydrophobicity.
Wettability is also extremely dependent on surface conditions.

For example

glass and metals are materials of a high surface energy, so they will wet easily
to reduce its surface energy (they are hydrophilic). When for example a metallic
substrate is freshly polished, it will be completely covered by water. However after
some seconds the surface will start to show partial wetting due to contamination
by organic molecules from the air [22].
Wettability is not a property intrinsic to a material but it is also dependent
on the surface morphology or roughness. Because of this, Wenzel expanded the
study developed by Young, and applied it to rough surfaces. He did so by adding
the parameter

r,

which represents the ratio of surface area of a rough surface

compared to a smooth one, and related the equilibrium contact angle on a rough
surface (apparent CA,

θ∗ ) with the equilibrium contact angle on a smooth surface

(θ ) by the following equation:

cos θ∗ = r cos θ
where in a smooth surface,

r

(2.22)

is equal to 1, and the contact angle will be the same

predicted by Young. Another conclusion that can be taken from Wenzel's equation
is that roughness will enhance the wettability behavior of a surface energy. Thus,
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Figure 2.8: Schematic representation of the advancing and receding metastable contact angles.

θA

and

θR

correspond to the maximum and minimum contact angles that can be obtained by

means of dynamic contact angle measurements. The equilibrium contact angle is the minimum
energy value that the system can possess, although by preventing the system from reaching
equilibrium any contact angle between

θA

and

θR

will be obtained.

Because of this, it can

be seen that measuring the contact angle hysteresis is the only way of fully characterizing the
wetting behavior of a surface.

if a smooth material has a contact angle lower than 90°, the rough surface will
have a contact angle even lower. If, the contact angle is higher than 90°, then the
contact angle on the rough material will be higher [21].
Up to now the wettability of the surface by measuring the contact angle of a
sessile drop in contact with a surface in equilibrium (static contact angle) has been
described. However, this value does not completely describes the wetting behavior
of a surface, because the phenomenon of wetting is dierent if a liquid comes into
contact with a surface, or detaches from it. This is done by measuring a dynamic
contact angle, where a droplet is placed on the surface and while maintaining a
syringe inside of the droplet, water is added and subsequently withdrawn from it.
This will lead to a controlled forward and backward movement of the three phase
line to measure the advancing

θA

and receding

θR

contact angles, respectively.

The dierence between the advancing and receding WCA is called contact angle
hysteresis (CAH) and is related to the process of molecules adsorbing to the
surface or detaching from it, processes that are not necessarily the inverse [23].
Between these two extreme values, there are many other possible contact angles
related to local minima of the system energy (see Figure 2.8). It can be seen that
measuring the static contact angle will only give the equilibrium contact angle

θeq ,

thus the contact angle hysteresis gives a better characterization of the wetting
behavior of a system.

For example, the rose petal (see gure 2.9) presents a

hierarchical structure in the nano/micrometer range, with a contact angle around
150°. However, if the petal is tilted to a vertical position, the droplet will remain
attached to the surface, while in the case of the lotus leaf (superhydrophobic) the
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A superhydrophobic

θR

Lotus leaf with a low
CAH.

Receding CA

θA
Advancing CA
Rose petal eect

θR

with a high CAH.

Receding CA

Figure 2.9: Dynamic contact angle measurement representation, showing that a sample with
a high advancing contact angle can show a high receding contact angle (a SHsurface like the
Lotus leaf ) or a low receding contact angle (rose petal eect).

water droplet would roll freely at a very low tilting angle. This is known as the
rose petal eect [19], and can only be characterized by measuring the dynamic
contact angle.
Equation 2.23 describes the force related to the movement of the three-phase
line [24]. It shows that if the contact angle hysteresis is high, the force needed for a
droplet to move will consequently be high, and the droplet will remain attached to
the surface. This means that the liquid adheres to the surface, and in some cases
this cannot be seen by measuring only the static contact angle. It is noteworthy
that in this equation the force (F) is solely related to surface energy and to the
contact angle hysteresis while roughness morphology is not included.

F = γlg (cos θR − cosθA )

(2.23)

The contact angle hysteresis is also evaluated by many researchers by means of
the tilting angle, where a droplet sliding on a tilted surface will show the advancing
contact angle

θA

on the front and on the rear side the receding contact angle

θR .

However, this method leads to deformation of the droplet because of gravity and
will lead to a high error [23] and so it can be used in a more qualitative manner
than the sessile-drop needle in drop methodology.
It has been shown that when the r value from equation 2.22 increases, the static
contact angle and the contact angle hysteresis will also increase. However, when
reaching

r = 1.7

[25] the contact angle increases but the contact angle hysteresis
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(a) Wenzel state

(b) Cassie-Baxter state

Figure 2.10: Schematic representation of a droplet wetting a surface in (a) a Wenzel state with
full contact with the surface and (b) in a Cassie-Baxter state, with a minimum contact as an
air layer is entrapped between the rough features of the rough surface.

will start to decrease, proving a further decrease of water adhesion to the surface.
This reduction in the CAH (while maintaining a contact angle higher than 150°)
is due to a change of the wetting state (see Figure 2.10).
Droplets wetting surfaces that present high values for both the WCA and CAH,
like the rose petal eect, are said to be in a Wenzel state (also called homogeneous
regime). This means that the water is in full contact with the rough surface. On
the other hand, a droplet that has a WCA higher than 150° but CAH lower than
10° is not in full contact with the surface, as air bubbles are entrapped inside
the grooves of the rough surface underneath the liquid.

This is known as the

Cassie-Baxter wetting state, also called heterogeneous regime, because the liquid
is in contact with both the solid and vapor or air pockets.

The fact that the

contact area between the water and the solid substrate is minimum leads to a
lower pinning of the three phase line and friction, allowing the droplet to slide
easily on the surface with a very low tilting angle. The rough surface will also
lead to a low interaction between the solid surface and contamination, that will
be preferentially wet by the liquid and removed from the surface while the liquid
droplet is freely sliding, known as the self-cleaning eect.
For cases where a heterogeneous wetting regime is taking place, Cassie and
Baxter formulated the following equation:

cos θCB = f1 cos θ − f2 cos θair
were

θ

(2.24)

represents the equilibrium contact angle of a liquid droplet in contact

with a smooth material and

θCB

f1 the fraction of the
material and f2 the fraction

with a rough material, with

projected area of the liquid in contact with the solid

of the projected open area created by the air trapped in the rough features of the
surface. It can be seen that when

f1 → 0, f2 → 1,

then the angle

θCB → 180◦

(highest theoretical contact angle).
The type of roughness will also have a signicant eect in the wettability of
the surface, and more specically, how the three-phase contact line will interact
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with it and consequently the advancing and receding contact angles. Wey Chen
et al. [26] compared the wetting of two polytetrauoroethylene (PTFE) samples
with dierent surface roughness morphology. The rst one was decorated with a
squared shaped grid array of PTFE walls, all connected between each other. In
this case, the three-phase contact line stayed in contact with the walls in a continuous way, thereby increasing its pinning. Because of this, when water was added
or removed from the droplet, the contact line jumped from one metastable state
to the next one (as shown in gure 2.8), also increasing the contact angle hysteresis. Another sample had a roughness created by cylindrical pillars, the fraction of
the three-phase contact line in contact with the solid posts was signicantly more
reduced than in the previous example. As in this case the three-phase contact line
was not continuous, but moved with smaller incremental position changes as each
position did not signicantly change the fraction of contact line touching the solid
material, the CAH was reduced [21]. In another interesting set of experiments,
Koch et al. [27] reproduced the surface of the lotus leaf and compared its hierarchical morphology with another surface with the same composition but only with
a micrometer-featured roughness.

They showed that both surfaces presented a

high static contact angle, while only the hierarchical one presented a lower CAH.
In conclusion, for self-cleaning applications, the hierarchical structures are preferred as the water droplets will move more easily with lower tilting angles and
pinning will be reduced.

2.5.2 Superhydrophobic surfaces in nature
Surface structures in plants have many objectives, for example low adhesion is
benecial to protect from dust and pathogens or increases its visible light reection
and absorption of UV spectra for photosynthesis [28]. After millions of years of
evolution, nature always nds a way of showing us how to create new technologies
and improve existing ones.

This is also the case of SH surfaces, used by many

creatures such as plants, insects, sh, birds among others [29, 30].
The most widely known example, and the rst to be studied, is the Lotus
leaf shown in Figure 2.11 (Nelumbo nucifera).

When observing this plant, it

was noticed that water droplets standing on its surface had an almost spherical
shape with very low adhesion to it as droplets rolled easily with very low tilting
angles keeping its surface always dry.

When taking a closer look at the leaf of

this plant, it was found that it consisted of i) a hierarchical rough texture in the
micro/nanometer range and ii) a low surface energy that stems from nanometer
sized wax crystals (26

mJ/m2

surface energy [31]) that covered the rough struc-

ture. These characteristics were also found in other natural examples that possess

2.5.

SUPERHYDROPHOBIC SURFACES AND SLIPS

Figure 2.11:

27

Image (a) shows a picture of a superhydrofobic Lotus leaf and in (b) and (c)

its corresponding self-cleaning eect.

Figures (d) to (f ) show higher magnication pictures

by scanning electron microscopy (SEM) showing its hierarchical structure with features in the
nm/µm scale covered by wax nanocrystals. The picture was taken with permission from [29].
.

superhydrophobicity. It was also seen that the surface was wet in a Cassie-Baxter
wetting state, as an air layer is enclosed by the surface's rough features, between
the water and the solid surface [32, 33]. Furthermore, the movement of, for example rain droplets, drag dust particles and pathogens from the surface, thereby
keeping it clean for making photosynthesis (known as self-cleaning eect) [34].
This is due to the fact that rough surfaces lead to a minimum adhesion force
between the solid and contamination particles, while the adhesion of these with
the liquid droplet is higher.

In addition, wettability can be tuned in dierent

directions if the rough features follow an anisotropic pattern, as is the case of the
rice leaf [35, 36].

2.5.3 Fabrication of superhydrophobic surfaces
Using biomimetics, scientists started copying the recipe found in nature and
applying it to create articial SH surfaces. The process for creating such surfaces
generally consists of creating a rough structure with a low surface energy. This
can be done by using two dierent approaches:
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Roughening materials with low surface energy: this is limited to hydrophobic
materials and generally consist of a one step process. Some examples of materials used are uorocarbons (e.g. PTFE), silicons such as polydimethylsiloxane (PDMS), organic materials (like polymers, paran, polyethylene (PE),
polycarbonate (PC)) and also inorganic materials like
(although

T iO2

M oS2 , ZnO, T iO2 ,

turns to hydrophilic with UV irradiation due to photocat-

alytic activity, aspect that can be used in certain applications) [37].

◦

Modication of rough surfaces with low surface energy coatings: It is not
limited to hydrophobic materials for the substrate, hence a wider range of
materials can be used.

The surface energy can be lowered by means of

decoration with ultra-thin and thin coatings like self-assembled monolayers
or molecule brushes (see section 2.6.3), respectively.
Fabrication methods can be arranged in two groups [25, 38]. The rst group
are bottom-up approaches, where building an intricate structure is performed by
adding small simple blocks. The second group are top-down approaches, where
a bulk material is carved, molded or machined, for example by mold imprinting,
etching, laser ablation or lithography.

The nal approach is a combination of

both, where typically rst a top-down methodology is used to create a higher scale
roughness and subsequently a top-down methodology is employed to decrease the
surface energy and create roughness in a smaller scale range. From a practical
perspective, it can be said that in many cases random rough surfaces are much
more relevant than highly ordered structures, because they are cheaper, simple
and more scalable to fabricate [24].
Due to the hydrophilic behavior of metal oxides, fabrication of SH surfaces on
stainless steel must modify the surface chemistry in order to reduce its surface
energy. Thus, the fabrication of SH coatings on stainless steel consists of roughening the surface with a subsequent decoration with a low energy material or by
applying a rough coating with a low surface energy material. Some examples include using nanostructured materials like functionalized silica nanoparticles (NP)
or nanotubes (NT), nanostructured polymer layers or functionalized electrodeposited metallic layers [39].

2.5.4 Applications of superhydrophobic surfaces
In the eld of corrosion protection, coatings have played a major role as a way
of isolating a material from harmful environments. SH coatings appear as very
promising options in this eld as they not only protect the underlying material,
but also interact with the environment in a way that liquids will be repelled with
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a minimal contact [4042]. SH surfaces present other interesting properties like
preventing ice from forming or adhering to the surface. The self-cleaning eect is
very favorable for surfaces that must remain clean for an optimal function (just as
the lotus leaf for making photosynthesis). For example, solar photovoltaic panels
and solar collectors (for water heating), exterior architectural glass and other
construction features, monuments and art displays in the open air, transportation
and so on. Yet proper functioning is not the only benet, as the reduced necessity
of cleaning will lead to lower eorts and contamination due to cleaning procedures
reducing water and chemical compounds consumption. Due to the scattering of
light produced by nanometer range roughness, for applications where transparency
is required [43] such as windows or lenses, the surface roughness dimensions will
be limited to the wavelength of interest. Drag reduction is another property that
has attracted a lot of interest for marine applications [44], as the air layer that
separates the water from the surface and the very low contact area within them
would substantially decrease friction thus reducing fuel consumption and making
transport more ecient.
However, the metastable nature of the entrapped air layer from the CassieBaxter state means that they are not applicable in some cases such as long time
immersion.

Scientists have tried to improve the air layer stability [45] creating

more complex and intricate features, however the application of these surfaces in
the marine eld will require more research, particularly if highly scalable processes
are required.
In experiments or processes where small amounts of liquids are used and where
the exact concentrations must be maintained (like DNA experiments), dissolved
particles or molecules are brought to the contact line (coee-stain eect). As in
SH surfaces, pinning the three-phase contact line does not take place, and the
droplet will behave almost as if it was suspended over the surface.

The use

of patterned surfaces with a combination of hydrophilic and hydrophobic zones
can be used to immobilize droplets without the use of walls. Particularly using
open microchannels with uids that can move solely in contact with a surface for
conducting controlled chemical reactions in devices that are easier to clean and
cannot be blocked as in the case of capillaries [24, 46].

2.5.5 Slippery liquid infused porous surfaces (SLIPS)
Inspired by the nepenthes pitcher plant (see Figure 2.12), in 2011, Wong et al.
presented a new type of water-repellent surface [47]. This plant posses a nanostructured surface that is covered by an immobilized water-based liquid layer. This
layer repels insects (which are naturally covered by organic oils), and will fall into

30

CHAPTER 2.

STATE OF THE ART AND FUNDAMENTALS

(a)

(b)

Figure 2.12: In (a) the Nepenthes plant and in (b) a closer look inside with the SLIPS walls
used to trap the insects that fall inside the reservoir to absorb its prey's nutrients. Pictures
taken from [3].

the plant when feeding. In their work, Wong et al. developed two dierent nanostructured surfaces, one with arrays of epoxy-resin and a second one that consisted
of a PTFE nanobrous membrane that were subsequently infused with a peruorinated uid. Instead of relaying in a trapped air layer as is the case in SH surfaces,
the peruorinated uid acts as a barrier repelling water and other liquids. The
advantage of this type of coating is that it has solved many weaknesses in the
SH surfaces, as the metastable Cassie-Baxter state was replaced by a locked and
incompressible liquid.
In order to crate a stable SLIPS, the following requirements must be met:
i- The liquid must infuse and cover all the surface with a high stability.
ii- The infusing liquid must be immiscible with the liquids that need to be
repelled.
iii- The porous solid surface must be preferentially wet by the infusing liquid
and not by the liquid that wants to be repelled.
In order to maintain a stable liquid layer that covers the entire surface, its
chemistry must possess a surface energy as close as possible to that of the infusing liquid. This will also ensure that the surface will be wet by the infusing liquid
and not by the one that needs to be repelled. In addition, the porous surface with
features in the micro/nanometer range oers an excellent support for immobilizing the liquid layer.

However, in contrast to a SH surface where a hierarchical

roughness is ideal, Kim et al.

[48] showed that homogeneous nanostructured

porous surfaces can better retain the oil layer under shear forces (instead of the
hierarchical nano/micrometer roughness).
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E1 = RγSB + γA/B + γA

B

E2 = RγSB + γB

A

EA = RγSA + γA

Figure 2.13: A rough surface used to create a SLIPS surface infused with liquid B to repel
liquid A. The system possess dierent surface energies per unit area depending on the liquid
that is in contact with the surface.

As shown in Figure 2.13, the preferential wetting of the solid by the infused
liquid B will take place if the transition into a wetting state by the liquid A (the
liquid that needs to be repelled) will increase the energy of the system [38, 47]:

∆E1 = EA − E1 = R(γB cos θB − γA cos θA ) − γAB > 0
∆E2 = EA − E2 = R(γB cos θB − γA cos θA ) + γA − γB > 0

(2.25)

(2.26)

It can be seen that the roughness of the structure plays an important role in
retaining the infusing liquid. In addition, if liquid A needs to be fully repelled,
cloaking of the liquid droplets inside the infused layer must be avoided. To achieve
this, the spreading parameter of liquid A and B must fulll the following condition:

Sol = EBdry − EBwetbyA = γla − γoa − γol < 0

(2.27)

Where S is called the spreading parameter, and represents the dierence in the
energy states of the infusing liquid B in contact with air, and the infusing layer wet
by the repelled liquid A [49] and the solid substrate is ignored. It is noteworthy
that even though for liquid repellency cloaking need to be avoided, it can be used
in certain applications that require controlled liquid bubbles transportation [43,
50].
As the surface is smooth, contact angle will be lower than SH surfaces. However, due to the lack of pinning, contact angle hysteresis remains extremely low,
as expected for a water repellent surface. Thus, water (and any repelled liquid)
runs freely on the liquid layer as well as in the case of SH surfaces.
Due to the liquid nature of the coating, it is smooth in the molecular scale,
without defects that can act as initiation sites for corrosion, condensation, etc.
Additionally, the liquid is chemically homogeneous, so the chemical properties of
the coating are ensured in all the covered surface [51]. The liquid nature of the
coatings also leads to a self-healing capacity, as if a localized damage takes place
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the lubricant can migrate and re-infuse it.

Furthermore, in opposition to the

entrapped air layer from SH surfaces, its incomprehensibility allows the surface
to sustain higher pressures and prolonged immersion.

2.5.6 Fabrication of SLIPS
As SLIPS coatings require both a rough/porous surface and a surface energy that
matches the surface energy of the infused liquid, their fabrication processes are
mostly the same as those used in the fabrication of SH surfaces. As a rst step,
a rough or porous surface is created using the same methodologies described in
section 2.5.3, either by bottom-up or top-down approaches.

Subsequently, it is

infused with a liquid droplet deposited on top of the surface or by applying a bias
like spin-coating to aid in the spread of the liquid. To ensure wetting of the entire
surface and the liquid layer retention, the surface energy of the solid substrate
has to match the surface energy of the liquid layer as closely as possible. In some
cases the substrate material already meets with this requirement, for example
Zhu et al. [52] fabricated a porous PTFE substrate and directly infused it with
a uorinated oil.

But in most cases, especially for coating metallic substrates,

an intermediate step is necessary for tailoring the surface energy. Zouaghi et al.
[53] used femtosecond laser ablation to create a rough structure on a stainless
steel (SS) substrate, functionalized the surface with uorinated silane molecules
and subsequently infused it with a uorinated oil.
As described in section 2.5.5, choosing the infused liquid is of paramount importance for the stability of the SLIPS coating. On one hand, the liquid composition
determines its stability on the solid surface and on the other hand, it denes
the liquids that can be repelled. For certain applications further characteristics
have to be taken into account, such as applications that require transparency [54],
biocompatibility or inertness.
SLIPS can be infused with many types of liquids such as uorinated oils, silicon
oils, mineral oils or ionic liquids [51]. Furthermore, high surface energy materials can be infused with polar liquids to repel low surface energy ones [51, 55].
Fluorinated molecules possess low polarizability leading to low interactions with
other liquid molecules (including low surface energy liquids). In addition, these
compounds are highly chemically stable. Because of these reasons they are widely
used in the fabrication of omniphobic surfaces, capable of repelling even crude oil
[47]. Krytox and 3M Fluorinert FC-70 are widely used uorinated oils that can be
easily purchased at relatively low prices [56]. Polydimethylsiloxane (PDMS) is a
silicon based polymer used for many applications including the food and medical
industries [57, 58]. Unlike uorinated oils, PDMS possesses a miscibility with a
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wider variety of low surface energy liquids [59]. Nevertheless, high temperature
stability, inertness and low prices make these oils an ideal option for surfaces that
repel water and water based complex media.
SLIPS have been created on the surfaces of many materials including metal,
silicon, glass and even wood [54].

Metallic substrates are naturally covered by

their metal oxides which are often used to create the necessary surface roughness
using methods like chemical and electrochemical etching, sandblasting or imprinting [60]. As these oxides are hydrophilic, a subsequent step to change the surface
chemistry has to be performed in order to match the surface energy of the impregnating liquid. Thus, the fabrication of SLIPS on metals requires higher fabrication
times, compared to low surface energy solid substrates such as polymers [61]. As
an example, Sousa et al. [62] textured electrochemically a 1020 carbon steel (CS)
substrate, functionalized it with phosphonic acid (PA) and nally infused it with
Krytox oil to mitigate the scale formation and enhance corrosion resistance. Frequent methodologies used for creating low energy rough structures on metallic
substrates include deposition of organic/inorganic composite layers like

SiO2

NP

together with polymers to create a hydrophobic rough structures that can subsequently be infused with a lubricant [55, 63]. For example, Rungraeng et al. [64]
coated a SS substrate with a composite layer of carbon nanotubes (CNT) covered
by PTFE and infused it with Krytox oil for repelling bacteria and food debris.
The ideal solution to match the surface energy of the solid substrate and the
infusing liquid is to use the same compound in both. This approach is not straight
forward, as almost none compound can be used simultaneously to both graft it
to the solid surface and to create a liquid layer. In the case of uorinated SLIPS,
researchers often functionalize the surface with a peruorinated self-assembled
monolayer (SAM) or a grafted monolayer (see section 2.6.3) and infuse it with
a peruorinated liquid like Krytox oils.

Wong et al.

[47] used two dierent

approaches: for the rst SLIPS sample they used a silicon rough structure, hydrophobiced it with a polyuoroalkyl silane layer and infused it with Krytox oil
and another sample with 3M Fluorinert FC-70. For a second set of samples they
used a PTFE ner array and directly infused it with the uorinated oils. Tesler
et al. [65] electrodeposited a rough tungsten layer on a stainless steel substrate,
subsequently functionalized it with peruorinated phosphate molecules (FS-100)
by immersion at 70

◦

C

for 30 minutes and at room temperature for 12 hours and

subsequently infused it with a Krytox oil. Other researchers also used this methodology to fabricate other SLIPS such as Yao et al. on an aluminum substrate [66].
Wilson et al. [67] created a SH surface using a peruoroalkyl phosphate molecule
to functionalize a boehmite (γ − AlO(OH)) structure and subsequently infused it
with Krytox oil. Lee et al. [68] fabricated a porous oxide layer on a stainless steel
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substrate, covered it with a thin PTFE layer and then infused it with Krytox oil.
To fabricate SLIPS with PDMS, the story is somewhat simplied, as it was
shown that PDMS molecules could bind covalently to hydroxyl

−OH

functional

groups of solid surfaces. Krumpfer et al. [69] rstly reported that PDMS covalently bonds to hydroxyl groups on the surface of oxidized Si, Ti, Al and Ni by
simply coating the substrate and heating it at 100

◦

C

for 24 hours. After rinsing

the sample with toluene, a grafted PDMS monolayer is left. Wang et al. [70] dipcoated a silicon wafer in a solution containing dimethyldimethoxysilane (DMDES)
monomers and sulfuric acid to catalyze the polymerization of a PDMS brush in
a few minutes at room temperature.
Zhang et al. [71] used dip-coating to cover a PDMS substrate with a mixture of
PDMS monomers (divinyl-terminated PDMS, nonovinyl-terminated PDMS and
polymethylhydrosiloxane (PMHS)) and heated it at 100

◦

C

for 1 hour to fabricate

a cross-linked PDMS coating that was subsequently infused with PDMS oil to
create a SLIPS. Liu et al. [72] and Wooh et al. [73] fabricated PDMS brushes
by iluminating photoactive materials (T iO2 and

ZnO,

respectively) with UV-

light to induce grafting of PDMS brushes. The photocatalytic behavior of these
materials led to a breakage of siloxane

Si − O

bonds that reacted with the

−OH

groups from the surface creating a covalently bonded brush. Teisala et al. [74]
fabricated a PDMS brush following a similar procedure to Krumpfer et al. [69],
by simply covering a glass and a silicon wafer with PDMS oil for 24 hours at
dierent temperatures, ranging from -18 to 100

◦

C.

They proposed that higher

temperatures accelerate the binding process due to a detachment of adsorbed
water that blocks the PDMS molecules from grafting to the surface. Nevertheless,
they showed that there was no dierence in the brush layer quality at room
temperature and at higher temperature after 24 hours of treatment, indicating
that the shielding eect of water was signicant for short time functionalization
processes. They proposed that the brush is created simply by an attack of water
on the siloxane bonds

Si − O,

forming

Si − OH

termination that subsequently

binds covalently to the hydroxyl groups from the surface or reacts with other
PDMS cleaved molecules in a condensation reaction.

(≡ Si − O − Si ≡) + H2 O

hydrolysis
condensation

(≡ Si − OH) + (OH − Si ≡)

(2.28)

Following the same procedure as Krumpfer et al. [69], Chen et al. [75] also
fabricated a lubricated surface by simply applying a thin PDMS layer and heating
the sample at 100

◦

C

for 24 hours or with a heat gun for 3 minutes. In this case,

the remnants of the oil were kept on the surface as a lubrication layer. As shown
by Teisala et al.

[74], the cleavage and subsequent covalent bonding of PDMS
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molecules to hydroxyl groups from a solid substrate occurs at room temperature
but at a very slow rate while using higher temperatures can speed up the process.
Liu et al.

[76] immersed a silicon wafer for up to 1 hour at room temperature

in a solution with dichlorodimethylsilane (DCDMS) as a monomer which, in a
hydrolysis reaction, formed

Si − OH

terminations that subsequently reacted with

−OH groups from the substrate to form a covalently attached PDMS brush.
Si − Cl groups also reacted with the Si − OH groups to polymerize and grow
the

the PDMS molecules.

2.5.7 Applications of SLIPS
As the Cassie-Baxter wetting state provides an entrapped air layer that separates
the solid substrate from a harmful electrolyte, SH surfaces were very promising
for corrosion protection applications.

In addition, the free movement of water

droplets on the surface not only keeps it dry but in the process it removes any
particle or contamination that might have been deposited on it (self-cleaning
eect). Unfortunately, in most cases corrosion takes place during prolonged immersion of the material (as in sea water applications, pipes and tanks) or due
to condensation of water forming thin lms with a high concentration of ions
such as chlorides (atmospheric corrosion). Due to the metastable nature of the
entrapped air layer, the surface will ultimately be completely wet in a Wenzel
state, which added to the fact that a rough surface structure provides a much
larger surface area for corrosion, will lead to an accelerated degradation of the
material. In the case of SLIPS, the liquid layer that covers the surface can oer
a higher protection (as long as the liquid layer is stabilized on the surface) as it
can withstand prolonged immersion, higher temperatures, higher pressures and
condensation does not penetrate it [55]. In addition, its liquid nature aids in the
protection of the surface if it is damaged (self-healing eect), as long as there is
enough liquid available to re-infuse the area. SLIPS can also have the benet of
a self-cleaning eect, and furthermore, its smooth surface and the possibility of
using transparent infusing liquids makes them promising options for the protection of windows, antennas and photovoltaic cells among many other applications
[57, 77, 78]. Wettability can also be manipulated to obtain dierent responses.
For example, Manabe et al. [79] infused a SLIPS with paran, that when frozen
lost its slippery characteristics and also transparency, but this was reversed when
re-melting the paran. In another study from Tian et al. [80]

F e3 O4

NP were

added to the silicone oil layer, changing its wettability by applying a magnetic
eld.
SLIPS are been intensively studied as potential anti-icing surfaces for appli-
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cations like cooling systems and transportation [54, 59].

SH surfaces can also

reduce the adherence of ice, however once a droplet freezes at a defect or the
surface is damaged, ice starts to build up covering the entire surface. Due to its
liquid nature, the surface of SLIPS is at and defect-free, providing fewer spots
for ice nucleation. Eventually, once a droplet freezes in contact with the liquid
layer, it can slide o from the surface maintaining its mobility [59, 81]. On this
wise, for anti-icing applications the selection of a liquid that does not solidify at
low service temperatures to ensure the slippery nature of the coating is necessary
[67, 82, 83].
Due to its high repellence ability and the possibility of using inert liquids,
SLIPS are also very promising for biomedical applications [84, 85]. In fact, the
body uses wet tissues to avoid unwanted biolfouling and contamination like tear
lms in the eyes and mucus covering our lungs and digestive system [84]. As human and animal bodies are extremely harmful environments for many materials,
using SLIPS is an excellent option when designing medical devices and equipment,
as it avoids the adhesion of blood, cells and complex liquids, bacteria contamination [86], growth of unwanted tissues or an immune response produced by the
body. An example of a surface that needs to be highly repellent and transparent
are endoscope lenses [87], where keeping their surfaces clean is fundamental for
an optimum performance during a medical intervention.
As mentioned in section 2.5.4, tailoring the surface wettability can be used to
control liquid mobility. Due to the separation of the repelled liquid droplets from
the solid substrate and its high mobility, using small bias such as acoustic waves
[88] can be a very precise and ecient way to control the movement of the droplets
[89]. Even though miscibility and cloaking of the repelled liquid by the infused
one is almost always avoided, it can also be exploited in certain applications.
For example, the cloaking eect can be used to trap gases for their controlled
transportation [50].

SLIPS can also be used to create patterns with dierent

wettabilities. For example Bruchmann et al. [90] combined polymer hydrophilic
patches for immobilizing biolm media and studied its formation with dened
sizes and shapes surrounded by a water-repelling SLIPS surface.

2.6

Coating methodologies used in this work

In this work dierent methodologies were employed to fabricate SH and SLIPS
surfaces on SS substrates. Firstly, a SH surface was fabricated by means of a onestep composite electrodeposition process to fabricate a rough copper structure
with low surface energy

M oS2

particles. For a second SH surface, a rough mor-

phology was produced anodizing SS in order to fabricate a self-ordered porous ox-
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ide layer with features in the nanometer scale. This porous layer (hydrophilic) was
subsequently decorated with uorinated molecules to reduce the surface energy
and reach superhydrophobicity. This SH surface was infused with a uorinated
oil to create a SLIPS coating. In a newly developed one-step methodology, the
porous oxide layer on stainless steel was covered with PDMS oil and illuminated
with UV light. In this way a grafted monolayer of PDMS molecules infused with
the exact same PDMS oil was created. This section describes the fundamentals
of the methodologies used to fabricate these SH and SLIPS coatings.

2.6.1 Electrodeposition
Electrodeposition (also known as electroplating or electrocristalization) is used
to deposit a metallic layer by reduction of metallic ions in an electrolyte. It can
be used to deposit pure metallic lms, alloys or composite lms with embedded
particles in a metallic matrix.

It is used in a wide variety of applications that

go from tin coated steel hundreds of meters long to electronic devices in the
nanometer scale range [91]. Due to its simplicity and versatility, electrodeposition
is often used to create rough structures for SH and SLIPS coatings [92, 93].
In a general way, electrolytes have dierent components that in most cases
are water-based, contain ions to increase conductivity, metallic ions that will be
reduced forming the coatings and other additives such as levelers to control the
coating distribution in the surface and its morphology. Along with the electrolyte
composition, the process parameters will further aect the thickness and morphology of the metallic substrate.
As shown in Figure 2.14, the setup needed to develop these coatings is relatively simple. The sample to be coated is immersed in the electrolyte together
with a second electrode (working and counter electrode, respectively), and both
electrodes are connected to a power supply. As the sample is connected as the
cathode and the counter electrode as the anode, electrons will move from the
anode to the cathode and will be subsequently used to reduce the metal ions
that will be deposited as a metallic layer. This process can be represented in a
simplied way by the following equation:

(Mx Ly )z + nxe → xM 0 + yL
where

(Mx Ly )z

(2.29)

is a complex species that can be charged (z) or not, M repre-

sents a metallic anion that is electrostaticaly bounded to L which could be
or

CN

−

. The amount of electrons used in the process is

nxe,

where

x

H2 O

represents

the metal ions that will be reduced and the metal mass that is deposited is given
by Faraday's Law (equation 2.6). Interestingly, electrodeposition can be seen as
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Figure 2.14: Setup used for electrodeposition with a sacricial electrode as the anode releasing
electrons that are transferred to the substrate to be coated connected as the cathode. Metallic
ions are also released by the anode to supply the electrolyte and avoid depletion during the
electrodeposition process.

the inverse process of corrosion, as the same electrochemical equations are used,
although in the opposite direction.
The counter electrode is not only responsible for closing the electrical circuit
in the electrochemical cell.

If the counter electrode is inert (used for example

in gold and palladium electrodeposition), the metal ions in the electrolyte will
be consumed as its reduction and deposition take place. In the case of insoluble
anodes, oxygen evolution and other oxidation processes can lead to high changes
in the electrolyte composition, which also have to be monitored. Sacricial anodes
are counter electrodes made of the metals that have been deposited, such as copper
or nickel.

In this way the counter electrode will produce metallic ions and the

electrolyte will have a continuous supply.
The deposition of the metallic lm can be controlled by either a current density
(galvanostatically) or a potential (potentiostatically), creating a potential drop
between the electrode surface and the electrolyte.

To measure this potential

drop with a better precision, a reference electrode can be employed. Roughness
and defects on surfaces will create inhomogeneities in the current distribution
on the surfaces that will behave as more active sites, thus the growth of the
metallic surfaces will start at these locations. Because of this, the current density
distribution on the surface will be heterogeneous. Later as the initial defects start
to be covered the current distribution will tend to be more homogeneous.
The metal ions can be present as cations, anions or complex compound. Supporting electrolytes are added to aid in the electrodeposition process, even though
they do not participate in the reactions on the electrode surface. For example, to
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increase the conductivity, inorganic acidic or basic compounds are added, in this
way lower voltages have to be applied and the process will consume less energy.
Buering agents can also be used to maintain an optimum pH, especially when
hydrogen evolution leads to an increase in the pH which might cause hydroxides
precipitation.

Additives are another type of compound that can be used, such

as surfactants to enhance the wettability of the surface and detaching

H2

bub-

bles, avoiding the formation of defects like pits or pores [91]. Other additives can
have other purposes such as brighteners and levelers, which can suppress dendrite
formation, activate anode dissolution and increase current eciencies. It is important to point out that the electrodeposition needs a very specic electrolyte composition and electrolytes for depositing dierent metals are not interchangeable.
Formulation of electrodeposition electrolytes can be very complex, and companies
purchase the electrolytes already prepared which in most cases are patented.
Electrodeposition can also be used to produce composite coatings, with a wide
variety of possibilities, as the matrix (as long as it is conductive) and the included
particles can be polymeric, ceramic or metallic. First, it was noticed that metallic electrodeposited coatings incorporated particles due to contamination of the
electrolyte, and around 1900s a systematic study of composite electrodeposition
started [94]. The combination of dierent materials in composite structures allows the tuning of many properties such as electrical conductivity, temperature
resistance, corrosion resistance, lubricity, hardness, wear resistance among many
others [94, 95]. Furthermore, coatings with composite layers can be homogeneous
or have a gradient or layered composition structure.
When a particle is submerged in a liquid, an arrangement of charges will form
at the solid/liquid interface which depends on the composition of the solid material
and its surrounding electrolyte. The interaction between particles in a suspension
is described by the Derjaguin, Landau, Verwey and Overbeek theory (DLVO),
which is given by the particle potential function

VT

(see equation 2.30) composed

of the solution potential due to the solvent (VS ), attractive contributions due to
van der Waals forces (VA ) and repulsive contributions

VR

given by the dielectric

ε, the particle radius a, the solvent permeability π , a function
composition κ and the z potential ζ (see equation 2.31).

constant of the uid
of the ionic

As

VS

VT = VA + VR + VS

(2.30)

VR = 2πεaζ 2 e−κD

(2.31)

is small compared to the attractive and repulsive contributions, it can be

ignored. A particle suspension will be maintained as long as the repulsive forces
are stronger than the attractive ones, which can be achieved by means of stearic
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stabilization or electrostatic stabilization.

The rst one consists of adsorbing

polymer or surfactant molecules to the particle in order to avoid a close contact
between them at distances where the van der Waals forces are higher than the
repulsion forces.

The second methodology depends on the charge arrangement

that is created around the particle by the solvent and dissolved ions. In the case
of composite electrodeposition it can also be inuenced by mechanical aids such
as agitating the electrolyte, the electrode, or a combination of both [94].
The particle surface charge develops due to dierent mechanisms such as ionization (as is the case in carboxylic groups releasing
charged surface or

−OH

H+

producing a negatively

terminations being dissolved producing a positively

charged surface), dierential release of ions into a solution, adsorption of charged
species (for example ionic surfactants with a hydrocarbon chain and a

N H3+

or a

SO3− group) among others. The formation of this charge leads to the accumulation of counter ions in the solid/liquid interface which forms the electrical double
layer to neutralize the surface charge.

At the solid/liquid interface, molecules

and/or ions with an opposite charge to that of the surface will adsorb covering it
and forming an immobile layer, the inner Helmholtz plane (IHP) dened as the
plane that crosses through the center of these adsorbed species. After this layer,
a second one is formed which is composed of ions that are mobile and have also
adsorbed liquid molecules forming the outer Helmholtz plane (OHP). Finally, the
density of species decreases until it reaches the same as the bulk electrolyte called
diusion layer. Generally if the particle moves, the IHP and the OHP also move,
but the species in the diusion layer will be replaced. The zeta potential (dened
as the potential at the OHP) depends on how strong the electrostatic forces of
the ions near the particle surface are. If it has a high absolute value the particle
suspension will be stable, but if it is low, the attractive forces will lead to agglomeration. As the zeta potential depends on the charge of the sample and the double
layer, it will be highly dependent on the pH of the solution. For example, if alkali
is added to a suspension of positively charged particles with a high positive zeta
potential, the adsorption of negative charges will neutralize the electrical double
layer and the zeta potential will decrease. Once the zeta potential reaches a value
of 0 V (called isoelectric point), the double layer will be completely neutralized
and the attraction between particles can no longer be avoided.
The simultaneous deposition of the particles and growth of the metallic matrix
take place due to a combination of a faradaic migration of ions and electrophoretic
migration of particles. Composite electrodeposition follows complex mechanisms,
and in recent years dierent models have been developed to describe it [96]. According to the most recently proposed mechanism, as described above, particles
are incorporated into the electrolyte and a charge develops on the surface (due
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to ions, surfactants, etc). Physical transport of the charged particles due to convection will initiate the movement of the particles towards the cathode, followed
by mass transport due to a boundary diusion layer. Finally, particles conclude
their migration by moving through the electrical double layer and are engulfed by
the growing metallic matrix. In 2020, Walsh et al. [97] summarized the process
by stating that tailoring the composition of the composite coating is based in
controlling the relative rate of particle incorporation and the growth of the metal
matrix. The movement of the particles towards the cathode takes place due to
the transport of charged particles in an electric eld (electrophoresis), composition
gradients and electrolyte ux. The metal growth of the metallic matrix depends
on Faraday's law (see equation 2.6), where the current can be governed by charge
transfer, mass transfer or mixed transfer. Once the particles are in contact with
the cathode, they must remain in contact, for example by electrosorption, in order
to be successfully incorporated into the metallic matrix.
Between the wide variety of parameters arrangement that controls the deposition, three most important are [96, 98]:



Particle type and concentration in the electrolyte.



Bias applied for the electrodeposition (current density or potential).



Hydrodynamics of the electrolyte near the cathode surface.

The morphology of the composite coating depends on the current density, electrolyte composition, particle type and concentration in the suspension and hydrodynamic conditions [95]. Agitation also aids with the migration of the particles
towards the cathode surface and adsorption, however excessive forces and short
contact times can lead to a lower inclusion as the particles cannot be entrapped
in the growing metallic surfaces [98]. The inclusion level is also dependent on the
composition of the electrolyte, such as additives for controlling surface tension,
levelers, brighteners or stresses inside the coating [94].
Another parameter that controls the inclusion of particles is the bias applied
to the elctrochemical cell.

The amount of particles included in the matrix will

increase with the current density, however at some point (depending on the particles) the deposition will change from charge transfer control of the reduction
of the metallic ions to mass transfer control and the amount of particles will be
reduced as the metallic matrix will not grow fast enough to entrap all the particles
[94] [95].
Finally, some combinations of particles and matrix are not possible and extra
steps have to be conducted. For instance, copper and carbon are insoluble, thus
graphite particles do not attach correctly to copper, which apart from causing
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galvanic corrosion can lead to crevice corrosion in the interface. To overcome this
obstacle, rst an electroless copper plating can be applied to the particles prior to
the composite electrodeposition step, or the copper matrix can be deposited as an
alloy containing titanium or chromium which are compounds that form carbides
[99].
Many properties of composite materials follow the rule of mixture, however for
corrosion behavior this is not the case, e.g. poor adherence of the matrix to the
particles will produce crevice corrosion and galvanic corrosion is of special concern.
Inert materials are generally more noble than the metallic substrate, and if these
particles are also conductive they will act as an electrode for oxygen and hydrogen
reduction reactions accelerating the metallic matrix corrosion [100].

However,

inert and non-conductive reinforcements generally diminish corrosion and do not
produce galvanic coupling. In the case of conductive particles, galvanic corrosion
can be avoided by insulating the particles with coatings, although in applications
where the material needs to be in contact with the metallic substrate such a
procedure would not be benecial [99].

2.6.2 Anodization
Due to its interaction with the environment (air humidity or an electrolyte) metal
surfaces are covered by an oxide layer. This layer thickness ranges from a molecule
monolayer (as is the case of Au or Pt), or can form thicker oxides with a thickness
of 3 to 5 nm [101]. This oxidation takes place at the OCP by means of the coupling
of cathodic and anodic electrochemical reactions, and it can be explained by the
following simplied equation (composed by equations 2.3, 2.4 and 2.5, in the case
of a neutral or acidic electrolyte). The formation of the oxide has an equilibrium
potential

Uox , which is dened by thermodynamics.

The less noble the metal, the

lower its value will be, such as -1.35 V for Al and 1.45 V for Au in pure water
[102].

z
M + H2 O → M O z2 + zH + ze−
2

(2.32)

Anodization is an electrochemical process where a metallic electrode is subjected to an external electrical bias with the intent of favoring anodic reactions.
This process takes place in an electrochemical cell where an anode (the sample)
and a cathode are placed (see gure 2.15). A third electrode, a reference electrode,
can be used to gain better control over the anodic potential.
The growth of the oxide and its characteristics depends on the anodized metal
and the electrolyte.

Furthermore, it also depends on the electronic nature of

the oxide (if it is conductor, semiconductor or insulating) as this will dene the
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migration of ions and electrons through the oxide layer which denes how the oxide
is formed. The metal can react with the electrolyte to form the oxide directly,
or can have intermediate steps such as the formation of hydroxide or complex
species.

+

-

e−

e−

Cathode

Anode

Figure 2.15: Schematic representation of the electrochemical cell used for anodization. In its
simplest conguration two electrodes are submerged in an electrolyte. The sample is connected
as the anode and an inert electrode as the cathode. A reference cathode can be added to achieve
better control over the working electrode (sample) potential. If a water-based electrolyte is used,
parallel reactions will take place such as hydrogen or oxygen evolution.

For instance, valve metals (like Al or Zr [14, 101]) form insulating oxides.
Hence, the formation of the oxide is produced by a potential dierence between
the metal/oxide and the oxide/electrolyte interfaces, forcing the ions' movement
but without an electrical current from parallel anodic reactions. In this way, an
Al substrate will have a

Al2 O3

layer formed by the migration of

the oxide/electrolyte interphase and

O

2−

Al3+

towards

ions migrate towards the oxide/metal

interface without the presence of oxygen evolution.
The oxide will thicken as long as the potential dierence between the two
interfaces of the oxide is higher than

Uox ,

according to equation 2.33, where d is

d0 is the thickness of the naturally air formed oxide
−1
layer, k is a constant related to the material with a typical value of 2 nmV
[14]
and Uapplied is the external applied voltage. This process is called the high eld
model, and as the high eld strength is inversely proportional to the thickness d at
a time t (see equation 2.34), it is responsible for the formation and the self-limiting
the thickness of the oxide layer,

nature of the oxide thickness depending on the electrical bias applied.

d = d0 + k(Uapplied − UOX )

(2.33)
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F (t) =

4U
d(t)

(2.34)

However, most of the metal oxides are semiconductors (like Fe, Ti, Cu and Ni),
which means that at suciently high potential elds an electric conduction will
take place. In this way, in addition to the ion movement, there is an electronic
current through the oxide layer leading to parallel anodic reactions like oxygen
evolution or transpassive dissolution of the oxide. Due to this, the potential applied on the oxide layer will be limited, and it will not be possible to grow thick
oxide layers. The same scenario will take place for metals forming conductor oxides, like

F e2 O3 [14].

Thus, metal can grow a semiconductor oxide layer according

to the high eld model at low voltages, however for thicker oxide layers at potentials higher than +1 V (approximate voltage for the onset of oxygen evolution),
non water-based electrolytes can be used.
In reality, oxide layers are not homogeneous and the transport of ions and
electrons is more complex.

For example, some oxides present dierent conduc-

tivity through dierent crystal orientation (like Zr), or through grain boundaries
compared to the bulk of the grains.

Metals like iron form ions with dierent

valence values, and alloys will form oxides with dierent chemical compositions
too, forming mixed oxides with a homogeneous gradient or with a specic layered composition. Additionally, instead of forming a stable oxide, the metal ions
can form soluble species (like

F e2+

in acidic electrolytes), or ions present in the

electrolyte can precipitate in the surface of the oxide layer (like
forming

F eOOH

F e2+

precipitates

[101]).

The oxide layers that can be grown are classied into compact (called barrier
layer) or porous oxide layers. The former are used for electronic applications like
capacitors or passive lms for corrosion protection [103]. Porous oxides are often
used to protect the substrate, for decorative purposes, in some bioapplications
and cases where a high surface-to-area ratio is needed.

Their morphology can

range from random porous, to highly ordered structures as is the case of nanotubes.

Compact oxides can be grown in mild electrolytes that will attack the

metallic substrate, while porous oxides require more aggressive electrolytes capable of dissolving the oxide too, as is the case of uorides. For example, a low pH
is enough to obtain a porous oxide in Al. However, for Ti this is not enough, and
uorides are required. Fluorides react with the titanium ions from the substrate
and with the newly formed oxide layer, forming a water-soluble

[T iF6 ]2− complex.

This dissolution controls the formation of pores or self-ordered porous structures
such as nanotubes.

Complex species in uorine containing electrolytes by the
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dissolution of the metal oxide can be generalized by the following equation:

z
M O z2 + nX − + zH + → [M X n ]n−z + H2 O
2

(2.35)

At suciently high voltages, semiconducting oxides will simply conduct a current leading to the onset of parallel reactions like oxygen evolution while insulators suer localized dielectric breakdown. At these spots sparks can be seen that
break the oxide locally and also produce an ionic activation of the surface. This
methodology is used for cleaning surfaces, oxidation and deposition of metallic
and other coatings such as carbides or nitrides [104].

For example, Gui et al.

[105] performed breakdown anodization of stainless steel 304 in a 7.5 wt% sodium
bicarbonate water-based electrolyte applying potentials between 110 V and 130
V. These conditions created plasma discharges forming a thicker oxide at these
spots while the surface is also roughed by the cavitation eect of hydrogen bubbles
(in this case the sample is connected as a cathode).
During the anodization process, the growth of the oxide is controlled by the
movement of ions (see Figure 2.16).

Under the applied bias,

OH −

and

O2−

migrate from the electrolyte towards the metal/oxide interface. Metallic ions will
migrate in the opposite direction and when reaching the oxide/electrolyte interface
will either deposit (thus forming the oxide, hydroxide or a complex species), or
will be dissolved into the electrolyte. Controlling this ion migration is a key factor
for growing a compact, porous or nano-structured oxide layer.
In addition, dierent species migrate at dierent velocities (which is related
to the transfer number).

If the anions move faster than the cations, then the

oxide grows in the interface between the metallic substrate and the oxide. If the
cations reach the electrolyte faster, then the oxide grows in the oxide/electrolyte
interface.

The electrolyte composition can also inuence the dissolution of the

oxide layer, creating a competition between oxide formation and dissolution. To
grow a porous structure, uorine ions are often added to the solution, as they are
capable of dissolving both the metal substrate and the growing oxide. As these
ions are much smaller than

O2− ,

their rate of ion migration through the solid

oxide is twice that of the oxygen ones. Thus, they will migrate through the oxide
(competing with the

O2− ions) and accumulate between the metallic substrate and

the oxide assisting in the oxidation of the metal [103]. The water concentration
in the electrolyte, together with the formation of soluble complex species and
uorine accumulation in the oxide will determine the porous morphology.
Generally for compact oxides, stirring can be benecial to reduce the diusion
layer and to homogenize the electrolyte, current distribution and temperature near
the anode surface [103]. However, for the formation of nanostructured oxides, stirring is normally avoided as it can interfere with the equilibrium between localized
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Figure 2.16: Schematic representation of the ion movement during anodization with oxygen
migrating towards the metal/oxide interface and the metallic ions migrating towards the oxide/electrolyte interface. For anodization of materials such as aluminum, an acidic electrolyte
is sucient to grow a porous oxide layer (a). For other materials like titanium and stainless
steel uoride ions need to be added to the electrolyte. Fluoride will also migrate towards the
metal/oxide interface, however as the rate of uoride transport through in the oxide layer is
−2
faster than the O
ions [103], it will accumulate in a layer in the metal/oxide interface and
assist in the metallic substrate oxidation.

dissolution and precipitation of species needed to create an ordered porous structure.
Regarding the electrical bias, the anodization can be performed in a galvanostatic or potentiostatic way, however, in the case of nanostructured oxide, the morphology can be better controlled potentiostatically, as many features are highly
potential dependent. Anodization can also be performed sweeping the current or
potential applied during the process, (galvanodynamic or potentiodynamic methods). Furthermore, combinations of static and dynamic procedures can be used,
either by ramping values followed by constant periods or by performing a series
of dierent set-points through the process.
Three factors are key to the formation of a porous structure (and in some cases
highly self-ordered nanotube layers) [106]:
1. Stress at the growing oxide due to a higher volume of the oxide compared to
the metallic substrate (PillingBedworth ratio).
2. Electrical eld distribution in the oxide with a concentration at the bottom
of the pores due to a thinner oxide.
3. Oxide dissolution because of an acidic and uorine-containing electrolyte
along with the extra acidication inside the pores due to cations hydrolysis

2.6.

47

COATING METHODOLOGIES USED IN THIS WORK

of the water from the electrolyte.
When using the potentionstatic method, the formation of porous oxide layers
follow certain stages that can be tracked by plotting the current over time. These
steps are interesting to study as this method is generally used when growing
porous or nanotubes structures, because there are linear relationships between
potential and morphology features such as thickness and pore diameter [106].

Stage I:

When a potential is applied to the electrode, the oxidation reactions

will start to take place and a compact oxide layer will grow due to the eldassisted ion migration through the oxide layer. As this layer becomes thicker,
the electric eld is progressively reduced, as evidenced by an exponential
decrease in the current which limits the oxide growth.

Stage II:

Small pores start to nucleate on the oxide leading to a slight increase

in the current.

There are dierent theories explaining this rst stage of

pores formation [103].

A possible explanation is that the oxide grows at

dierent velocities in locations with defects, such as pits or grain boundaries
because they concentrate the electrical eld.

Formation of small cracks in

the oxide due to tensile stresses during the oxide grow that can also explain
the formation of pores as they can lead to penetration of the electrolyte and
dissolution of the oxide, thus nucleating pore embryos.

Stage III:

Nucleated pores start to grow and coalesce reducing the total number

of pores. In turn, this increases the oxide electrical resistance, decreasing the
oxidation current.

Stage IV:

Finally, an equilibrium between oxide growth and dissolution is reached

maintaining a constant current while the porous oxide thickens.
These stages are depicted in Figure 2.17. As is the case in electrodeposition
the total current could be transformed into oxide thickness using the Faraday
law.

However, in the case of porous oxides this is not straight forward as the

oxide growth is accompanied by its dissolution and parallel reactions.
The passive oxide formed on stainless steel is known to be composed mainly
of Cr species responsible for its passive behavior, but in reality its structure is
very complex.

The metallic substrate is covered by an oxide layer followed by

a hydroxide layer.

Chemically, the outer part of the passive lm is enriched

with Fe species, bellow which is a Cr enrichment and near the metallic substrate
the proportion is similar to that of the alloy [107].

Because of the conductive

nature of the passive layer on SS, it has to be anodized in non water containing

48

CHAPTER 2.

STATE OF THE ART AND FUNDAMENTALS

I
I

II

III

IV

II

j

Porous oxide

III

Compact oxide

t

IV

Figure 2.17: Representation of the dierent stages that occur during the anodization showing
electrical current over time and oxide cross-sections at the dierent stages.

electrolytes, to prevent both oxygen evolution and transpassive dissolution of Cr
species (Cr2 O3

→ Cr2 O42−

or

Cr2 O72−

in acidic electrolytes [108]).

A porous oxide layer grown on stainless steel AISI 304 was introduced by
Kure et al. [109] and Habazaki et al. [110]. They used an ethylene glycol (EG)
electrolyte with

N H4 F

and

H2 O

applying a galvanostatic bias.

Klimas et al.

[111] also anodized stainless steel AISI 304 but used a glycerol-based electrolyte
with the addition of

N H4 F

and

H2 O.

Wang et al. [112] studied the inuence

of potential and anodization duration on the same stainless steel as the previous
authors with an EG,

N H4 F

and

H2 O electrolyte.

They showed that as the electric

eld decreases as the barrier layer thickens, the diameter of the pores decrease. In
this way, applying higher electric elds while the anodization takes place allows
the formation of a porous structure with a constant morphology.

2.6.3 Surface chemistry modication
In many applications, the properties of bulk materials used do not meet the surface characteristics that are required. In these situations, it is desirable to alter
the surface chemistry of the material while retaining the properties of the substrate.

This can happen to protect the material from degradation (corrosion)

in harmful environments. Yet also more sophisticated surface properties may be
necessary, such as designing specic interactions with cells inside living organisms, catalysis or membranes. Functionalization with molecules is a widely used
process to achieve this goal. A surface can be decorated with a thin layer of a
dierent material, where the thickness of this added component can range from
the angstrom scale (like SAMs) to the micrometer scale polymer brushes (Figure
2.18).
Self-assembled monolayers comprise highly ordered and oriented molecules ar-
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Figure 2.18: Schematic representation of ultra-thin layers (in the Å
SAMs and thin layers made of molecule brushes (in the nm to

to nm range) formed by

µm range) employing the grafting

to and grafting from method.

rangements that bind spontaneously to a solid substrate due to anity of a head
group to a solid substrate [113, 114]. When deposited as monolayers, their thickness is in the order of one Å while multilayers can range between Å to nm. Due
to their compact nature, these molecular-thick layers are highly dense and stable
which, in turn, makes them suitable for many applications.
These layers are characterized by their molecular structure. A head group is
responsible for the attachment of the molecule to the solid substrate, via a strong
physical or chemical bond. The head is followed by a chain or backbone which is
the main section of the molecule, and will dictate the lateral interaction between
molecules and thus the order and compact structure of the layer. A tail or end
group will dictate the new properties of the surface, as it will be in contact with
the environment [113]. SAMs are generally produced with a specic combination
of molecules and substrate, like silanes to the

−OH

terminated solid surfaces,

thiols on gold, phosphates and phosphonates on metal oxides [114].
Many SAMs have been created on SS substrates such as thiols [115117],
amines [116], carboxilic acids (like stearic and miristic acid) [118120], phosphonates [118, 121123] and silanes [124].
Stainless steels (as well as other metals that form oxide layers covering their
surfaces) can be functionalized with SAMs by means of a chemical interaction
between the head group of the organic molecule and hydroxyl terminations on the
oxide layer. Nevertheless, compared to Au, Ag and Pt, the surface of the stainless
steel's passive oxide is inhomogeneous, preventing the strong adherence that, for
example, thiols present on Au [114].

Because of this, some authors performed

a pre-treatment of the metallic substrates to increase the

−OH

groups density
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of the surface, performing a cathodic polarization to reduce the oxide [116], by
immersion in an alkaline solution [124], a glow discharge gas plasma (GDGP)
treatment [115] or a cyclic potentiodynamic electrochemical technique [117, 125].
When a thicker coating layer is needed, SAMs can be deposited as a multilayer
coating. One possible methodology is creating a SAM on a metallic substrate and
subsequently bonding the tail groups to metallic ions that will serve as reactive
sites to apply the subsequent SAM. Metallic ions can be added to the solution
as a metal salt or can be produced electrochemically during the functionalization
procedure forming a multilayer coating in a single step. This procedure can be
repeated as many times as necessary until the desired thickness is reached. For
example, Van et al. [121] used biphosphonic acid, an organic molecule with two
phosphonic acid groups (one in the head and one in the tail). In this way, the
phosphonic acid group from the tail of a formed SAM reacts with the metallic
ions forming a metal phosphonate that could react with the phosphonic acid head
of the subsequent SAM layer. In this approach dierent metallic ions can be used
to grow multilayers, such as

Zn2+ , Al3+ , Cu2+ , M g 2+ , F e3+ , Cr3+

and

N i2+

[121].
Alkyl phosphonates are widely used due to the simplicity of their application.
Generally, immersion in a solution for short time at high temperatures is sucient to cover the entire substrate. For example, Hofer et al. [126] created alkyl
phosphonate SAMs on dierent oxides like

Al2 O3 , T a2 O5 , N b2 O5 , ZrO2 , T iO2 by

simply immersing the substrates in a solution for 48 hours. Further examples of
these molecules used to fabricate SH and SLIPS coatings are presented in section
2.5.6.
In contrast with SAMs, polymer brushes' thickness ranges from the
the

µm

nm

to

scale. Their layers can be comprised of densely packed molecules (more

similar to SAMs) or scattered with a certain distance between them. Their properties depend on the chemical composition of the molecules, grafting density and
chain length.

Grafted molecules attach to the solid substrate with a chemical

bond (in contrast to the physical bonds used in some SAMs) which makes them
more resistant to shear stresses and allows them to be used in high temperature
applications, among other advantages [127]. They can be produced chemically or
by applying an external bias such as radiation, plasma or photo-chemical grafting [128]. The wide range of manufacturing techniques enables the possibility of
coating a diverse set of substrates with many types of molecules.
In order to fabricate molecule brushes, two dierent approaches can be applied
[129]: the grafting-to method, where the end-functional group of the molecule
chain is grafted to a substrate that was previously activated, or the graftingfrom method, where molecules are built on top of the surface starting from their
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precursors. Often, an initial step of grafting-to is required in order to cover the
surface with initiation molecules or SAMs, from where the grafting-from process
can start.

For example Van et al.

SAM intercalated with

+2

Zn

with carboxilic groups.

[121] applied a multilayer biphosphonate

ions, and subsequently grafted a uorinated polymer

Another example is the grafting of a thiol-terminated

hyperbranched polymer on a stainless steel substrate [130]. Generally the

from

grafting-

method leads to the formation of more compact and thicker layers, as it is

more dicult for bigger molecules come into contact and attach to the surface
[127, 129].
A molecule can be grafted to the surface through functional groups at the
tip of the molecules (similar to SAMs), through groups in the sides of the main
chain forming loops or by tails that will form the coating layer.

The density

of grafted molecules will deppend on the availability of the grafting sites and it
can be organized in three dierent categories: mushroom (for the lower density),
moderate-density brush and high-density brush [129]. In addition, the conguration of the molecules on the surface will be determined by the solvent they are in
contact with. If the solvent is capable of wetting the molecules, they will stay in
a position elongated almost perpendicularly to the surface. On the other hand, if
wetting is not favorable, the molecules will present a structure more similar to a
pancake, as the interaction with the solid will be preferred [131].
Brushes can be formed by a combination of molecules, with either dierent
chemical composition or the same composition with dierent chain lengths, depending on the grafting process utilized. This allows the coating to meet a wide
range of requirements such as adhesion, wettability, conductivity and corrosion
protection. Another advantage of combining molecules with dierent functional
groups (such as grafting hydrophilic and hydrophobic molecules in the same brush)
is that the surface behavior can be designed to modify its properties when a given
characteristic of the media changes, like pH, temperature or a change in the solvent.
As mentioned above one of many methods used for fabricating molecule brushes
is photochemistry, which uses light as an energy source (given by Planck's equation
2.36) and describes the interaction of low energy photons like UV and visible light
with molecular excited states.

E = hν
where E is the energy in Joules,
constant equal to

ν

is the frequency in Hz and

(2.36)

h

the Planck's

6.626 × 1034 J.s.

This method requires an energy source for which lasers are commonly used, but
low intensity UV or vacuum UV lamps are cheaper options often used in scalable
applications.
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When a material is illuminated, molecules will absorb the light energy, producing a chemical change on them. The nature of the chemical bonds of the material
components will dene how it will react, which can have positive or detrimental
eects, like decomposition [132].

If the energy is above the ablation values for

a component, then the molecule will degrade.

This can be used for patterning

polymer surfaces in a highly precise manner [46]. For example, due to its inert
nature, biocompatiblity, transparency and low cost, PDMS is widely used for the
fabrication of microuidic devices using laser ablation to engrave channels with
features in the order of

µm

range [133].

If the energy input is lower than the ablation threshold, the material will not be
degraded, but a change in the properties, such as wettability or adhesion can be
generated by breaking specic chemical bonds or through molecular orbital excitation. For example non-polar molecules can change to polar due to the excitation of
electrons in molecular orbitals, or vice versa. For instance, if polyethylene terephthalate (PET) is illuminated with 185 nm irradiation, the surface will increase
its

O /C

ratio releasing

CO

and

CO2

molecules due to oxidation [134]. Surface

oxidation can also increase the polarity of nonpolar polymers such as siloxanes by
increasing

−CO

and

−OH

functionalities when irradiating with 147 nm. Irra-

diation with 172 nm in air leads to an enrichment with
forming

SiOx,

Si

and a depletion of

C

changing the material's surface from hydrophobic to hydrophilic

and becoming transparent to this wave length [135, 136]. This same wave length
can also be used to induce polymerization [137].
SAMs and brushes are very important for reducing wettability of high energy
materials like metals and oxides. As this property depends on the surface roughness, once the surface morphology has been tailored in a micro or nanometer scale,
a thick layer cannot be used to adjust the surface energy as it would aect the
previously fabricated rough morphology. Because of this, SAMs and brushes are
ideal and widely used for creating SH and SLIPS coatings.

2.7

Summary

In this chapter the dierent coatings used in this work (SH and SLIPS surfaces)
were introduced. Their inspiration sources from nature for their creation and the
specic characteristic that an articial SH or SLIPS surface has to fulll in order
to mimic these examples were explained. Furthermore, the fabrication procedures
mostly used for creating them were introduced with special emphasis on methodologies required to fabricate these coatings on stainless steel substrates. Finally,
their potential application for each of the coatings in dierent elds according to
their respective strengths and weaknesses was described.
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Because stainless steel was used as a substrate material, an introduction to
its composition and characteristics was presented.

In addition, the methodolo-

gies followed to fabricate the SH and SLIPS coatings were explained, including
electrodeposition, anodization and surface chemistry modication by means of
functionalization with molecule layers and brushes.
As the coatings developed in this work were particularly focused on enhancing
the corrosion behavior of a stainless steel AISI 316L substrate, the fundamental details concerning stainless steel's most common corrosion mechanism were
introduced.

In addition, the basis regarding the dierent electrochemical test-

ing methodologies used to characterize the corrosion behavior of the developed
coatings were explained.
In the following section the dierent coatings presented in the publications
are summarized and their wettability and corrosion behavior are compared and
discussed.
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Chapter 3
Discussion
3.1
In

Summary of publications

Publication 1 (Apendix A) a SH coating was developed by means of compos-

ite electrodeposition of

M oS2

particles in a copper matrix using stainless steel as

substrate. The electrodeposition was carried out to obtain a rough structure with
a low surface energy given by the metallic matrix and the

M oS2

particles respec-

tively. In order to obtain the highest possible contact angle, dierent electrode-

M oS2 particles
θR = 151 ± 0.9°.

position parameters were tested. It was found that with 10 g/L of
and 50

2

mA/cm

for 2 minutes yielded

θA = 158.2 ± 0.8°and

Subsequently, the corrosion behavior of the coated samples was tested in different electrolytes. To better asses the inuence of each coating component, two
additional samples were fabricated: a sample coated with a pure copper layer and
a second one only with

M oS2

particles by means of electrophoretic deposition

(EPD).
It is noteworthy that the catalytic activity of

M oS2 particles for hydrogen evo-

lution [138] did not impair either the electrodeposition or the EPD processes. This
fact needs to be taken into account as it lowers the eciency of metal electrodeposition. Furthermore, in the case of EPD, hydrogen evolution and the surfactants
used to create the hydrophobic particle suspension in water led to the formation
of a foam in the surface of the electrode.

Due to this, we limited the applied

current and duration of the coating process.
Potentiodynamic polarization showed that the corrosion behavior of the SH
surface was very similar to that of the pure copper coating, meaning that there
was no benet from the lower wettability of the composite coating. Later, immersion testing showed that the sample presented a transition from a Cassie-Baxter
wetting state to a Wenzel state after approximately 40 minutes.

As corrosion

experiments are performed by immersing the sample for a long period of time
(one hour for reaching a stable OCP and the subsequent potentiodynamic polar55
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ization), the polarization curves were measured after the entrapped air layer was
lost.
When considering other cases where the exposure time to the liquid is short,
for instance spills or water droplets from rain, the proposed coating can still protect the substrate material and oer other benecial properties such as e the
so-called self-cleaning eect. Furthermore, once the coating is damaged and superhydrophobicity is lost, it will still oer a galvanic protection.
The noble nature of stainless steel that stems from its native chromium-rich
oxide layer makes it dicult to choose a material similar or more resistant that
could be applied in a straightforward and scalable manner.

In view of this, in

Publication 2 the stainless steel surface was modied by means of anodization
in order to grow a self-ordered porous oxide layer that would serve as a rough
structure for creating SH and SLIPS coatings (presented in Publications 3 and
4).
In

Publication 2 (Apendix B), using previous studies from the literature as

a starting point [139141], the design of experiments (DOE) approach was employed to screen which morphologies could be obtained when varying anodization
conditions (H2 O concentration, voltage and time). The oxide layers obtained were
characterized, keeping in mind their subsequent usage for the fabrication of SH
and SLIPS coatings. It was found that the best oxide layers were obtained with
a concentration of 0.1 M

N H4 F

and 0.2 M

H2 O

in EG, with an applied electric

potential ranging from 50 V to 90 V.
The porous oxide layers obtained with these parameters were studied to analyze their composition, morphology and corrosion behavior. Composition analysis
showed that the oxide layers presented a
substrate.

Cr/F e

ratio higher than the metallic

The sample treated with the highest voltage (90 V) had a constant

uorine concentration throughout its thickness, with no evidence to suggest that
this was detrimental for its corrosion resistance.
From the potentiodynamic polarization experiments it was concluded that the
metallic substrate does not suer any impairment due to the anodization process,
as its polarization curve did not dier greatly from the bare stainless steel substrate. The porous oxide layers also showed similar polarization curves, but with
higher anodic and cathodic currents. The dierence in current can be explained
by the fact that the porous oxide layer features a higher surface area compared to
the smooth polished bare substrate. The formation of iron rich species (especially
after the annealing step) which are more active than the chromium rich oxide and
hydroxides, can also contribute to this dierence.
Noteworthy, after corrosion experiments in the acidic electrolyte the oxide layer
simply detached from the substrate, caused by the dissolution of the intermediate
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iron-rich layer formed during the annealing step. This could be a limitation for
the application of such porous oxides in acidic electrolytes. In addition, bellow the
detached oxide and under the regions where the O-ring from the electrochemical
cell was in contact with the cleaned samples, a marked intergranular corrosion
was revealed. This may indicate a kind of sensitization of the material, probably
produced during the anodization step due, for example, to a preferential dealloying
of theis region. However, harsher conditions created at the crevices (e.g. between
the detached oxide and the surface or under the O-ring) were necessary to reveal
this phenomenon. Publication 2 is included ain Apendix B.
In

Publication 3 (Apendix C) the porous oxide layer developed in Publication

2 (produced with an EG based electrolyte, 0.1 M

H2 O,

0.1 M

N H4 F

and 90 V)

was decorated with uorinated molecules (FS-100) to create a SH surface, with a
wetting contact angle of 72

± 5.44°and hysteresis of 3.14 ± 1.30°.

The SH surface

was infused with a peruorinated oil (Krytox GP 103) by means of spin coating
to create a slippery liquid infused porous surface ( SLIPS ). The porosity of the
oxide layer, combined with the ourinated chemical groups in the surface, ensures
preferential wetting by the infused oil and strongly lock it" by capillary forces.
Both surfaces ( SH and SLIPS ) showed an enhanced corrosion resistance (compared to the bare stainless steel and bare porous oxide layer) in a neutral chloride
containing electrolyte and in an acidic electrolyte.

In the rst electrolyte, the

corrosion protection performance of the SH coating matched the current values of
the SLIPS coating. This outstanding performance of the SH surface is due to the
high stability of the entrapped air layer from the Cassie-Baxter wetting state, as
after removing the samples from the electrolyte the samples were still dry. In the
potentiodynamic polarizations performed in the acidic electrolyte, the SH coating
presented slightly higher current values than the SLIPS sample. This is caused
by the higher susceptibility of iron species from the porous oxide layer in acidic
environments (discussed in Publication 2). However, due to the protection of the
Cassie-Baxter state, the contact between the electrolyte and the solid substrate
was minimum, and no detachment of the oxide layer took place. This was also evidenced by the slight increase in the contact angle hysteresis of the sample tested

± 1.4°),
± 2.10°).

in an acidic electrolyte (9.07
stayed the same (0.15

while in the chloride containing electrolyte

SLIPS samples maintained the same WCA values of
rosion experiments in both electrolytes.

121, 23 ± 0.16°after

cor-

This is due to the protection of the

substrate by the SLIPS coating, but also to the self-healing eect imparted by
the liquid nature of the liquid infused layer. If local damage was produced during
the experiments, it was subsequently corrected.
In

Publication 4 (Apendix D) the same porous oxide (used in Publication 2)
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was employed to fabricate a SLIPS coating, but a novel procedure was developed.
Functionalization with a PDMS brush was used to create a SLIPS coating in one
step. The brush was fabricated by illuminating the sample with UVB light. The
photo-chemical process leads to the breakage of chemical groups at the tips of the
molecules and form a covalently-bond brush with the hydroxy groups from the
solid surface, thus forming the SLIPS coating in one step. If the remnant PDMS
oil is removed by rinsing the surface with toluene, a SH surface is obtained with
WCA of 148

± 3° .

As the PDMS oil is inert, it is particularly promising for environmentally
friendly applications like those in contact with seawater or in the biomedical eld.
Because of this, the corrosion behavior of the samples was tested in a 3.5

wt.%

NaCl electrolyte, which simulates marine water. The coating treatment was applied to polished stainless steel substrates and to the porous oxide layer produced
by anodization. The comparison between bare and grafted polished surfaces allows the analysis of the eect of the PDMS brush layer, without including the
porous oxide layer, the entrapped air layer due to the Cassie-Baxter state or the
infused PDMS layer.

It is necessary to point out that lubricated polished sur-

faces are called liquid-infused slippery surfaces (LISs), due to the lack of a porous
featured morphology on the surface that is used for SLIPS .
The polished grafted surface shows a signicantly decreased corrosion susceptibility with lower current densities and delayed onset of pitting corrosion. Furthermore, infusing the polished and grafted sample with silicon oil, shows an even
higher passivization range with a highly increased pitting potential. When compared to the coated polished substrate, SH and SLIPS samples showed higher
pitting potential with similar current values. This is caused by the higher protection from the chloride attack given by the entrapped air layer or the infused oil
layer retained in the porous oxide.
Potentiodynamic polarizations were also performed with coated martensitic
stainless steel and carbon steel scalpel blades. The corrosion susceptibility was
reduced in the case of the grafted scalpels and even more in the case of the infused
ones. As expected, the liquid oil layer was retained after storing the lubricated
blades in a vertical position for three days. A qualitative test was also performed
with a bare and a grafted carbon steel scalpel immersed for one hour in tryptic soy
broth. Pictures indicate that the bare scalpel showed marked signs of deterioration
on the surface due to corrosion, while the grafted scalpel did not.
Despite this thesis being focused on the corrosion behavior of the dierent
coatings of stainless steel, because of the interesting potential application in the
biomedical eld, the repellent characteristics of the PDMS-based SLIPS coating
were tested with complex liquids such as blood in scalpels and glass lenses, as well
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(a) Freshly prepared
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(b) After 30 days

Figure 3.1: Pictures of a SH sample fabricated following the procedure describe in Publication
3, by means of anodization of the substrate to grow a self-ordered porous oxide layer (a dark
orange rectangular-shaped area) and subsequent decoration with uorinated FS-100 molecules.
In gure (a) the sample was just immersed in water, and due to light reecting in the water/air
interface produced by the Cassie-Baxter state the SH area looks silver. In (b) de sample was
immersed for 30 days proving the prolonged stability of the Cassie-Baxter state.

as how easily bacteria could attach to the surface.

3.2

Characterization of the fabricated coatings

3.2.1 Superhydrophobic coatings
Compared to the composite SH coating from Publication 1, the Cassie-Baxter
state of the uorinated SH coating from Publication 3 presented an outstandingly
superior stability. Figure 3.1 shows pictures from this coating recently immersed
in water and after 30 days. It can be clearly seen through the scattering of light
that the Cassie-Baxter state was maintained for the whole period. This leads to
a clear dierence between the corrosion protection impaired by each type of SH
surfaces, which is in turn dependent on the stability of the Cassie-Baxter state of
each coating.
In the case of the composite coating, the entrapped air layer was not retained
long enough, leading to a Wenzel wetting state and allowing corrosion to occur on
the entire surface. The porous oxide decorated with a uorinated layer maintained
the Cassie-Baxter state, and even its corrosion behavior matched that of the
sample infused with the uorinated oil (SLIPS). This dierence in the resistance
to transition between the Wenzel and Cassie-Baxter state of these two samples
has two main reasons: the surface chemistry composition and the morphology of
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(b) SLIPS coating

Simplied schematic representation of two SH surfaces fabricated.

sample is composed of a rough copper matrix with

M oS2

In (a) the

particles (Publication 1) and in

(b) a chromium-rich porous oxide is decorated with a continuous layer of uorinated FS-100
molecules (Publication 3). Approximating the cavities as capillaries, it can be seen that (a) can
successfully repel the water, however, once it comes into contact with the hydrophilic copper
matrix, water will ll the capillary. In (b) the surface is homogeneously covered by low energy
uorinated molecules, in this way it can repel water for a much longer duration (see Figure
3.1).

the rough structure in each surface.
Low adherence of water to the surfaces is due to the unpinning of the threephase contact line. The developed composite coating produces this eect with a
hierarchical structure with features in the

µm

and

nm

range, Thus water only

comes into contact with the tip of the nanometer-sized structures. To decrease
the pinning even more, the amount of solid surface in contact with the liquid per
unit of area can be diminished by increasing the spacing between protuberances.
However, the spacing of these protuberances will also increase the sagging of the
water in the meniscus formed between them.

If this sagging is too deep, the

water will enter in contact with the base and consequently wet the entire pore
causing a transition to a Wenzel state. A trade-o between low contact area and
spacing of the rough features has to be made to enhance superhydrophobicity
while maintaining the stability of the Cassie-Baxter state. The pores in the anodized stainless steel are in the nanometer range, while the protuberances from
the composite coating are spaced in the

µm

range. The scale dierence between

the surface hierarchies prevents the stability of the entrapped-air layer.
In addition to the morphology, the surface chemistry also makes a signicant
dierence.

Decorating the sample with scattered low surface energy particles,

will not lead to a homogeneous state of its surface energy (as is the case when
decorating it with a homogeneous uorinated layer). The particles are enough for
the surface to repel droplets that will freely slide on it, however harsher conditions
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such as prolonged immersion will lead to capillary condensation of the water inside
the pores, as the medium no longer sees the composite composition of the surface,
but the hydrophilic copper surface between the particles.
In addition, wetting of the surface is governed by chemical composition and
morphology of the solid in contact with the three-phase contact line, and not
by the area that is in contact with it.
Namib desert beetle (Stenocara

A similar methodology is used by the

Gracilipes )

that uses a combination of SH and

superhydrophilic patches to collect moisture from the desert air [142]. Once the
three-phase contact line comes into contact with the bare copper surface between
particles (hydrophilic), a change in the contact angle will take place (hydrophobic
to hydrophilic) and negative Laplace pressure will lead to the lling of the cavity
by water.

Figure 3.2 shows this eect by simplifying the surface cavities by

capillaries, where the inltration is given by Jurin's Law:

h=
where

r

is the diameter of the capillary, or in our case a pore,

angle in the smooth surface,

ρ

2γ cos θ
ρgr

γ

(3.1)

θ

is the contact

is the surface energy of the liquid/air interface and

is the density of the liquid. A homogeneous surface with a low surface energy

will repel the water, while a copper cavity will be lled by it. It can also be seen
that if the capillary rise is higher than the porous oxide layer, then water will
inltrate and wet all the surface in a Wenzel state.
SH surfaces are very promising for corrosion protection as long as the stability
of the Cassie-Baxter state can prevent the solid surface from coming into contact
with the electrolyte. However, these surfaces depend on a rough structure which,
once it transitions into a Wenzel state, will have a much higher surface area
which can corrode. On the other hand, a homogeneous surface will not increase
the surface in contact with the environment.
Another advantage of decorating the surface with homogeneous low surface
energy layers, is that it can oer a barrier between the electrolyte and the solid
surface once the entrapped air layer is lost.

This was shown in Publication 4,

where polarization curves of PDMS-grafted polished stainless steel presented a
lower corrosion susceptibility than the bare polished substrate.
Of course dierent nanostructured materials present better or worse mechanical
stability, but it can be said that it is generally lower for nanostructured surfaces
compared to smooth surfaces. Once the surface is damaged, superhydrophobicity
will be lost as the rough structure or the material that provides low surface energy
is damaged. Plants and other examples from nature do not suer this low mechanical stability because, as living organisms, they can renew damaged sections
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(e.g.the lotus leaves replenish its wax crystal layer constantly in order to sustain superhydrophobicity). Taking into consideration mechanical stability when
creating SH surfaces reduces the available design possibilities, although some outstanding achievements have been made, such as the work performed recently in
ceramics [143].
Unfortunately, even though the uorinated SH sample presented a long-lasting
Cassie-Baxter stability, other changes in the environment like water condensation,
higher temperatures or pressures can lead to a transition. Additionally, SH surfaces can repel water or liquids with a high surface energy, but they will be wet
by low surface energy liquids (e.g hexane with

γlv = 27.5mN/m

[144]). In these

cases, surface roughness has to be customized with more complex procedures to
feature re-entrant curvatures [145]. For these scenarios, where SH surfaces are not
practical or the transition into a Wenzel state is unavoidable, SLIPS are presented
as a very compelling alternative.

3.2.2 SLIPS coatings
To fabricate a SLIPS coating, anodization of the stainless steel was used to grow
a porous oxide layer to improve its oil retention. Subsequently, two methods to
create the infused oil layer were presented, one which rst decorated with FS100 molecules and which were later infused with Krytox oil. The second method
creates a PDMS coating in only one step, as grafting of the PDMS layer takes
place directly from the infused oil.
Both samples were preferentially wet by the infused liquid layer, showing WCA
with values corresponding to its surface energy and smooth surfaces. However,
even though the chemistry of FS-1000 and that of the Krytox oil are very similar,
they are not identical. Using the exact same molecule to decorate the solid surface
and infusion with a liquid layer (as is the case of PDMS coating) leads to a much
more stable adherence and higher stability of the infused liquid.
Regarding corrosion resistance, both SLIPS coatings presented an exceptional
improvement. In addition, the liquid nature of the SLIPS coatings allows them
to re-infuse locations where the surface might be damaged due to corrosion or
other causes (a capability that SH surfaces lack). This fact was evidenced with
the uorinated SLIPS samples, where the WCA and CAH were not modied at
all after the corrosion experiments.
When comparing SLIPS samples fabricated with uorinated Krytox oil and
with PDMS oil, each of them presents its advantages over the other. Both are
hydrophobic, non-volatile and high temperature resistant (up to 350
and 150

◦

C

◦

C

Krytox

PDMS). The main dierence between these two oils is their interaction
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with other liquids.

CF3

chemical groups from peruorinated Krytox oil possess a lower surface

energy than silicon oil. This is why the contact angle of the uorinated SLIPS
is around 120°and the PDMS SLIPS 110°.

Because of this, uorinated oils are

capable or repelling liquids with lower surface energy. The low polarizability of
the

CF3

groups makes peruorinated oils immiscible with a wider range of liq-

uids, which is the main factor that limits the application of SLIPS . Krytox is
immiscible with most organic low tension liquids and is only miscible with organic
elements with similar composition (like peruorohexane). In contrast, PDMS is
miscible with many organic liquids (such as isopropanol, pentane, hexane, chlorinated hydrocarbons, toluene or acetone) and can repel others like ethanol and
peruoropentane [51]. Nevertheless, PDMS has an excellent repellence to water
based and complex liquids like algae, blood or bacteria-containing media. Apart
from its miscibility, wrong selection of surface energies can lead to a cloaking
eect, where a lubricant thin layer entraps the impinging droplet.

Lastly, an-

other important dierence is that PDMS is inert (and it is currently being used
in the cosmetic and food industries and medical applications), while uorinated
compounds are toxic and not environmentally friendly.
SPILS are also extremely promising for anti-icing applications, as the molecularsmooth surface has fewer defects that can act as nucleation points, and if droplets
are formed and frozen they can easily slide without accumulation in the surface.
However, another important requirement is that the temperatures must be above
the infused liquid layer glass transition temperature [57], as the liquid characteristics of the coatings must be maintained throughout its service time.

The life

span of the coating will be dictated by the loss of the lubricant, once the liquid
layer is lost (removed from the surface or solidied), then the surface will lose its
slipperiness.
SLIPS can solve many limitations from SH surfaces, as the liquid layer replaces
the metastable air plastron from the Cassie-Baxter wetting state. However, not
all applications allow the usage of a liquid coating.

For instance manipulation

of a certain piece or friction between a medical device and tissue can lead to
complications.

So the adherence of the liquid to the solid substrate must be

particularly assessed.

In addition, SLIPS surfaces also rely on nanostructured

surfaces to aid in the retention of the liquid layer, which implies a lower mechanical
resistance. Nevertheless the self-healing properties of the coating can increase the
service life of the coating as long as damage is localized and the oil can re-infuse
these spots.
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(b) After annealing

Figure 3.3: Anodized stainless steel substrates (a) before and (b) after the annealing step.

3.2.3 Future work and outlook
The main diculty found regarding the anodization of stainless steel for growing a
self-ordered porous oxide layer, is that the oxide formed before the annealing step
(a yellow transparent thin layer shown in Figure 3.3a) is highly soluble with water,
and can be easily damaged when coming into contact with air humidity. The solubility stems from the fact that as shown by Lee et al. [68], who performed x-ray
photoelectron spectroscopy (XPS) composition analysis of an anodized sample
before annealing, the as formed oxide layer is composed of ammonium uorometallates

(N H4 )3 CrF6

and

(N H4 )3 F eF6

which are highly soluble. As conrmed by

our XPS characterization (and also by Lee et al.), after the annealing step the uorine is removed from the oxide layer forming stable Fe and Cr oxide species. This
solubility leads to a deterioration of the porous oxide layer while manipulating the
sample to remove it from the electrochemical cell and when rinsing it to remove
the remnants of the electrolyte previous to annealing. As shown in Publication
2, this leads to certain changes in the morphology of the oxide layer. This aspect
is not mentioned in other publications from literature, and more systematic work
will be needed to tune the process to prevent this from happening. It should also
be pointed out that the fragility of the as-anodized oxide layer can present a
complication for scaling up the process to treat higher areas.
Dissolution in acidic electrolytes of the iron-rich layer (formed between the
metallic substrate and the porous oxide layer during the annealing step) is a serious limitation for applications in such environments. Even though high temperature and an oxygen-containing atmosphere are necessary to release the uorine
and form stable oxides on the surface, it would be highly benecial to avoid the
formation of such layer. On the other hand, the fact that the SH and SLIPS samples did not present this oxide detachment is promising as it shows that the oxide

3.2.
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is not in contact with the electrolyte. This indicates that even though the porous
oxide layer will be susceptible to such dissolution, it can be used for surfaces with
reduced wettability. In this way, the SH cover will oer a protection, but once
it is damaged the solid surface will be exposed to the acidic electrolyte. SLIPS
will oer a more sustained protection due to its self-healing eect. This option
is also a possible solution, even though its feasibility has to be assessed for each
particular application.
Finally, the possible sensitization of the metallic substrate due to the anodization process has to be investigated to evaluate if the damage can impair the usage
of such anodized samples in future applications. To the best of our knowledge, a
crevice induced intergranular corrosion has not yet been reported in the literature.
A possible explanation could be a kind of sensitization of the metallic substrate,
but instead of been produced by precipitation of Cr-rich carbides, stems from
a selective dealloying of the substrate in this region. The increased acidity and
increased corrosion conditions in the crevices formed could be responsible for triggering this type of localized corrosion. This is noteworthy, as it could aect other
alloys subjected to harsh anodization conditions in many applications.

Future

work will be carried out to further analyze the causes of these phenomena.
Even though the liquid nature or the SLIPS coatings is necessary, its long
time stability on the surface is challenging.

An initial approach would be to

replenish the oil periodically (according to the specic application life expectancy).
However, this makes the solution less practical and more expensive as mechanisms
to monitor and re-infuse the depleted coating are needed. Other approaches that
can be explored are testing liquids with higher viscosities or even producing a
low degree of polymerization between molecules. SLIPS where recently invented
and are very promising especially in the corrosion protection eld, however more
development will be necessary to obtain long-lasting and stable coatings.
Regarding the UVB coating with PDMS molecules on the surface, better characterization of how the molecules are attached to the surface is necessary.

In

this work, dierent techniques showed that the surface was completely and homogeneously covered by the PDMS brush.

Nevertheless, it is still necessary to

conduct further studies to elucidate quantitatively how the molecules are bonded
to the surface. Furthermore, PDMS viscosity is directly related to the length of
the silicon oil molecules. Producing brushes with longer molecules will aid in the
retention of the liquid layer (for example due to entanglement between molecules
of the brush layer and the liquid layer), however this also leads to a more complicated procedure to cover the sample by the oil and to remove remnants from the
substrate after illumination. This opens up a huge number of possibilities such
as combining dierent molecules lengths, or swelling long molecules with shorter
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Abstract: In this work, a superhydrophobic coating was developed by composite electrodeposition
of MoS2 particles in a copper matrix. AISI 316L stainless steel and N80 carbon steel, with a thin
electrodeposited Ni layer to improve adherence of the coating, were used as substrates. Different
operational parameters of electrodeposition were studied in order to produce the highest possible
contact angle. We demonstrate that, using this method, a coating with a hierarchical structure with
feature dimensions in the range of µm to nm is obtained, with advancing contact angle values up to
158.2◦ and a contact angle hysteresis equal to 1.8◦ . To study the coating composition energy dispersive
X-ray, X-ray photoelectron spectroscopy and time-of-flight secondary ion mass spectrometry were
performed. Moreover, potentiodynamic polarizations were performed in H2 SO4 , NaCl and NaOH
solutions to study the corrosion behavior of the coating. As a control, a sample coated only with MoS2
particles by means of electrophoretic deposition was produced. The results show that the composite
coating can be used in applications where copper is used for corrosion protection, with the addition
of the desirable effects of its superhydrophobicity.
Keywords: superhydrophobic; composite electrodeposition; electrophoretic deposition; corrosion;
composite coating; wettability

1. Introduction
Superhydrophobic surfaces have been widely studied in recent years due to their large variety of
applications, and numerous methods have been developed for their fabrication. Such surfaces present
a large range of properties, such as self-cleaning, anti-icing, low friction and corrosion protection [1,2].
Wettability is a result of the interaction between a solid surface and a liquid. As the name indicates,
a superhydrophobic surface presents a low interaction with water, as the area that is wetted by the
liquid is very small compared to the total area of the surface. A direct way of quantifying wettability is
by measuring the contact angle: the angle that is formed between the solid surface–water interface
and the side of a water droplet on the inner side. When analyzing a superhydrophobic surface, the
advancing (θA ) and receding (θR ) contact angle should be measured; that is, the contact angle that
forms when a water droplet is increasing and decreasing its volume, respectively. In this way, a
superhydrophobic surface will present an advancing contact angle higher than 145◦ and a receding
contact angle higher than 90◦ [3].
It is widely known that, for creating a superhydrophobic surface, two characteristics are
necessary [2,4]; first, a rough surface and, secondly, a low surface energy. A water droplet must be in
a Cassie–Baxter state (Figure 1a); that is, an air layer is entrapped in the rough surface, forming an
air plastron and the contact between the solid and the liquid is very low; as a result, the droplet can
roll freely on the surface. This free movement of the water can be very beneficial, as it can drag dirt
from the surface, keeping it clean, for instance, for performing photosynthesis and breathing—this is
Coatings 2020, 10, 238; doi:10.3390/coatings10030238
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A rough surface in the micro/nano scale can be created using a number of different approaches [4].
A rough surface in the micro/nano scale can be created using a number of different approaches
However, in most cases, the material itself will not have a low surface energy, so an additional treatment
[4]. However, in most cases, the material itself will not have a low surface energy, so an additional
will be necessary. Functionalization with molecule assemblies by means of self-assembled monolayers
treatment will be necessary. Functionalization with molecule assemblies by means of self-assembled
(SAM) is the most frequently used method for this aim. One example of widely used molecules which
monolayers (SAM) is the most frequently used method for this aim. One example of widely used
form SAMs are fluoroalkylsilanes (FAS), as they present a strong attachment to hydroxyl groups on
molecules which form SAMs are fluoroalkylsilanes (FAS), as they present a strong attachment to
metal and oxide surfaces, and an alkyl tail with low energy fluorinated groups [6,7]. There are also
hydroxyl groups on metal and oxide surfaces, and an alkyl tail with low energy fluorinated groups
techniques that can be used to produce superhydrophobic surfaces in a one-step process. For example,
[6,7]. There are also techniques that can be used to produce superhydrophobic surfaces in a one-step
plasma treatments can be used for depositing low surface energy materials directly with a rough
process. For example, plasma treatments can be used for depositing low surface energy materials
structure—for example, fluorinated polymers [8]. In other cases, lasers can be used to create patterns in
directly with a rough structure—for example, fluorinated polymers [8]. In other cases, lasers can be
many materials’ surfaces, such as various metals [9,10]. Controlling the atmosphere while the surface
used to create patterns in many materials’ surfaces, such as various metals [9,10]. Controlling the
of the material is shaped can lead to surfaces with very different wettabilities [11]. These techniques
atmosphere while the surface of the material is shaped can lead to surfaces with very different
can be used in simple steps and the surface morphology can be well controlled; however, they are also
wettabilities [11]. These techniques can be used in simple steps and the surface morphology can be
expensive and require special equipment.
well controlled; however, they are also expensive and require special equipment.
Within the family of composite materials, metal matrix composites (MMC) are composed of
Within the family of composite materials, metal matrix composites (MMC) are composed of
particles of different materials, sizes and shapes in a metallic matrix. Composite electrodeposition is
particles of different materials, sizes and shapes in a metallic matrix. Composite electrodeposition is
widely used for creating MMC coatings, and several application examples can be found in [12–14]. One
widely used for creating MMC coatings, and several application examples can be found in [12–14].
of the main advantages of this fabrication method is that a coating can be made in a one-step process,
One of the main advantages of this fabrication method is that a coating can be made in a one-step
as one can have all the components, such as the metal ion precursors and the particle suspension, in
process, as one can have all the components, such as the metal ion precursors and the particle
the same bath. Furthermore, it is very versatile because the process is of low cost and even allows for
suspension, in the same bath. Furthermore, it is very versatile because the process is of low cost and
the coating of very intricate geometries.
even allows for the coating of very intricate geometries.
Even though the required fabrication setup is simple, the mechanism involved is complex. The
Even though the required fabrication setup is simple, the mechanism involved is complex. The
particles in the solution are charged because of the ions adsorbed on their surface or due to the addition
particles in the solution are charged because of the ions adsorbed on their surface or due to the
of surfactant. These particles are physically dispersed in the solution and will move towards the
addition of surfactant. These particles are physically dispersed in the solution and will move towards
cathode surface by a combination of convection and/or diffusion, but primarily because of the electric
the cathode surface by a combination of convection and/or diffusion, but primarily because of the
field. Once the particles are adsorbed on the surface, the metallic matrix that is growing due to
electric field. Once the particles are adsorbed on the surface, the metallic matrix that is growing due
the reduction in ions will physically embed the particles, leading to the formation of the composite
to the reduction in ions will physically embed the particles, leading to the formation of the composite
coating.
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layered structure which is similar to graphite. On the other hand, copper is a material that is relatively
easy to electrodeposit compared to other metals and it presents a relatively good corrosion resistance in
different media. Up to now, different coatings have been developed employing MoS2 and other TMC
particles in a metal matrix, such as nickel, chromium or copper. Most of these coatings were developed
with lubrication as the main purpose. Furlan et al. [17] presents a good overview of different MMC
coatings containing MoS2 that have been developed for tribological applications. Stankovic et al. [18]
studied the codeposition of MoS2 particles and copper ions. Moreover, McGovern et al. [19] studied
the stability of MoS2 in contact with a copper matrix and confirmed that these coatings are stable,
and the particles do not react with the copper matrix. This aspect is very important when choosing a
combination of materials for a composite structure. Nevertheless, to the best of our knowledge, copper
coatings with MoS2 particles have not been created for low wettability purposes.
In this work, we developed a superhydrophobic metal matrix composite coating composed of
MoS2 particles in a copper matrix by means of composite electrodeposition. We evaluated morphology,
composition, wettability and corrosion behavior in different electrolytes. As properties of composite
materials are not a weighted average of the properties of the matrix and the particles, analyzing their
properties may not be straightforward. For the aim of analyzing the corrosion behavior of the Cu–MoS2
composite coating, following the work carried out by Panitz et al. [20], we produced a plain MoS2
particle coating by means of electrophoretic deposition (EPD). Consequently, we could evaluate the
corrosion behavior of a sample coated only with MoS2 particles, a sample coated only with copper,
and finally we compared the behavior of the Cu or MoS2 coatings to the Cu–MoS2 composite coating.
2. Materials and Methods
2.1. Sample Preparation and Cu–MoS2 Coating
Stainless steel grade AISI 316L (SS 316L) and carbon steel N80 (CS N80) were used as substrates (see
Table 1 for the nominal compositions). Both steels were cut in 1 mm × 20 mm × 20 mm square-shaped
specimens. One side of the sample was ground with SiC from 320 up to 1200 grade, while the other
side of the sample was painted with a non-conductive resin to insulate it and control the area to be
coated. Finally, the samples were ultrasonically cleaned for 5 min in ethanol and dried with hot air.
Table 1. Nominal composition of stainless steel AISI 316L and carbon steel N80 used as substrates.
Element

C

Si

Mn

Ni

Cr

Mo

S

P

Fe

SS 316L
CS N80

<0.03
0.31

<1
0.19

<2
0.92

10
–

18
0.20

3
–

<0.03
0.08

<0.45
0.01

Balance
Balance

The coating procedure of the SS 316L substrate can be divided in three main steps. First, the
sample was immersed for 20 s in a pickling solution (2.4 M HCl) to remove the native air-formed
passive film. Subsequently, a thin nickel layer was deposited using Wood’s nickel strike method
(1.85 M NiCl2 and 1.52 M HCl), with a current density of 35 mA/cm2 for 3 min using a pure nickel
anode and the sample as a cathode. The nickel thin layer was deposited on all samples to suppress
surface oxidation and, hence, allow the electrodeposition of the Cu–MoS2 coating. Finally, the sample
was thoroughly rinsed with deionized water and the composite coating was deposited. The CS N80
substrate was coated directly with a nickel layer, using the same parameters that were used for the SS
316L substrate, and subsequently with a composite coating.
The preparation of the composite electrodeposition solution was performed as follows.
CuSO4 ·5H2 O and H2 SO4 , according to [21], were diluted in deionized water in a volumetric flask
(Solution A). In a beaker, 2 µm MoS2 particles and cetyltrimethylammonium bromide (CTAB) were
added to 40 mL of deionized water and ultrasonically stirred to create a suspension and hinder particle
agglomeration (Solution B). Finally, Solution A, Solution B and thiourea [22] were added to a 200 mL
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beaker that was magnetically stirred for 30 min. This beaker with the prepared solution was used for
the coating electrodeposition (see Table 2 for final composition).
Table 2. Composition of the Cu–MoS2 electrodeposition solution.
Components

Composition

CuSO4 ·H2 O
H2 SO4
Thiourea
MoS2 (2 µm particles)
CTAB

0.641 M
0.489 M
5 × 10−4 M
2.5, 5, 10, 15, 20 g/L
0.1 g/g MoS2

CTAB (cetyltrimethylammonium bromide) is a cationic surfactant and it plays different roles in
the solution: it allows the incorporation of the hydrophobic particles in the water-based suspension, it
possesses a positive charge that hinders particle agglomeration and aids the movement of the particles
towards the cathode. On the other hand, thiourea acts as a leveler and favors a coating that covers
the entire surface, while the deposited particles and the current density can be adjusted to tailor the
roughness of the coating [23–30]. Electrodeposition was performed with an electrochemical station
(Zahner IM6, Kronach, Germany), with the sample connected as the cathode and a pure copper
electrode as anode, both at a vertical position, while the solution was stirred by a magnetic stirrer at the
bottom of the beaker. After the deposition of the composite coating, the sample was rinsed thoroughly
with distilled water and dried in a nitrogen flow. Different concentrations of MoS2 in the electrolyte
and electrodeposition parameters were used to elucidate the optimal combination for obtaining the
highest possible contact angle (see Tables 2 and 3).
Table 3. Different parameters used for electrodeposition of the composite Cu–MoS2 composite coating
using composition of Table 2.
Electrodeposition Parameters

Values

Current Density
Time
Stirring
Temperature

40, 50, 60 mA/cm2
1, 2, 3, 5 min
200 rpm
Room temperature

2.2. Electrophoretic Deposition of a MoS2 Coating
The stainless steel 316L substrates were coated with MoS2 particles by means of electrophoretic
deposition (EPD). The methodology developed by Panitz et al. [20] was followed, while solution
composition and current density were adjusted to obtain a homogeneous coating on our samples.
Here, we present the parameters that resulted in the best coverage, as our main goal was to obtain a
MoS2 coating in order to compare the corrosion behavior with our composite coating. The preparation
of the substrate was the same used for the electrodeposited coatings; that is, the substrate was ground
on one side, insulated with a non-conductive resin on the other side, and cleaned with ultrasonication
in ethanol. The solution composition was 0.25 g/L MoS2 particles (up to 2 µm size) and 6.8 × 10−4 M
CTAB in deionized water. The MoS2 particles were the same as used for the composite coating. The
particles and surfactant were mixed in a volumetric flask and ultrasonicated for 20 min to stabilize
and disperse the particles adequately. EPD was performed potentiostatically, applying 50 V for 30 s in
a beaker with 80 mL of solution. The sample was the cathode and a platinum sheet was used as an
anode with a fixed electrode distance of 1 cm. When the coating step was concluded, the sample was
removed from the solution at a constant velocity to avoid gravity effects to damage the coating. Finally,
the sample was annealed at 350 ◦ C for one hour in a nitrogen atmosphere to calcinate the surfactant.
The presence of surfactant was corroborated by XPS (results not presented in this paper) before and
after annealing.
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2.3. Sample Characterization
The morphology of the coating was first studied with a macroscope (Wild macroscope M420,
Heerbrugg, Switzerland). More detailed images were obtained using scanning electron microscopy
(SEM, Hitachi s-4800, Mannheim, Germany). The cross-section samples were fabricated with
ion milling using argon ions and investigated using SEM. Qualitative composition analysis was
carried out by energy dispersive X-ray (EDX, EDAX/TSL Genesis 4000, Weiterstadt, Germany), while
composition analysis was performed by X-ray photoelectron spectroscopy (XPS, Physical Electronics
5600, Chanhassen, MN, USA) and time-of-flight secondary ion mass spectrometry (TOF-SIMS, ION-TOF
GmbH—TOF.SIMS 5, Münster, Germany).
2.4. Wettability Characterization
The wettability of the samples was first screened using a static contact angle technique (Drop
Shape Analyzer KRÜSS DSA30, Hamburg, Germany). Results from these measurements are presented
in the Supplementary Materials, Table S1. From these results, the best samples were further analyzed,
measuring θA and θR with the sessile drop-needle in drop technique (Dataphysics Contact Angle System
OCA, Filderstadt, Germany) equipment, following the procedure detailed in [31]. The advancing and
receding contact angle were calculated using the Young–Laplace fitting method, calculating the contact
angle 20 times while the volume of the droplet was first increased and then decreased in four different
spots in the center of the sample to avoid border effects. Then, the average and the standard deviation
of the values were calculated.
2.5. Electrochemical Analysis
In order to perform a detailed analysis that allowed us to understand the properties not only of
the composite coating, but also of its components, corrosion measurements were conducted on the
following samples:
1.
2.
3.
4.
5.

Stainless steel AISI 316L
Carbon steel N80
Stainless steel AISI 316L coated by EPD with MoS2 particles
Stainless steel coated with a thin Ni layer and a Cu layer
Stainless steel AISI 316L with a thin Ni layer and a Cu–MoS2 composite coating

The used solutions were 0.1 M H2 SO4 , 0.1 M NaCl and 0.1 M NaOH. A three-electrode configuration
was used with the sample connected as the working electrode, a platinum electrode as a counter
electrode, and an Ag/AgCl (3 M) as a reference electrode. The sample was in contact with the solution
through a circular O-ring sealed opening exposing a circular area of 1 cm diameter. For each solution,
open circuit potential measurement (OCP, Zahner Zennium Electrochemical Workstation, Kronach,
Germany) was performed for one hour. The obtained OCP values are presented in Table 5, while
complete plots are shown in the Supplementary Materials, Figure S1. As soon as the OCP measurement
was concluded, potentiodynamic polarization was conducted at room temperature with a 2 mV/s
scanning rate, from 300 mV below the recorded OCP value in the anodic direction. The electrochemical
kinetic parameters, including the corrosion current density (icorr ), corrosion potential (Ecorr ), anodic
Tafel slope (βa) and cathodic Tafel slope (βc) were determined by linear extrapolations of Tafel lines
obtained from 50 to 100 mV in the cathodic and anodic direction from the OCP. It is worth noting that,
when performing electrochemical measurements, a comparable area between the different samples is
needed so current densities can be compared. Because of this, CS N80 and SS 316L substrates were
ground with SiC 1200 grade before electrochemical measurements, as this was the grade used in all the
other samples previous to the coating deposition. This difference in the surface area should be taken
into account when comparing the current densities.
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Figure 2. (a) Optical macrograph of a Cu–MoS2 composite coating; (b) and (c) SEM micrograph of the
coating in a) showing a hierarchical structure; (d) and (e) SEM micrograph of a transversal cut done
with ion milling of the Cu–MoS2 composite coating; (f) images taken during advancing and receding
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Figure 3. EDX spectra of a stainless steel AISI 316L coated with a Cu–MoS2 composite coating.
Figure 3. EDX spectra of a stainless steel AISI 316L coated with a Cu–MoS2 composite coating.
Figure 3. EDX spectra of a stainless steel AISI 316L coated with a Cu–MoS2 composite coating.
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Figure 4. XPS survey spectra of a stainless steel AISI 316L coated with a Cu–MoS2 composite
coating.
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For evaluating the viability of using this methodology for coating different ferrous materials, in
For evaluating the viability of using this methodology for coating different ferrous materials, in
addition to the stainless steel substrate, carbon steel N80 was also coated with the same methodology
addition to the stainless steel substrate, carbon steel N80 was also coated with the same methodology
presented in Section 2.1. As with the coated stainless steel sample, the obtained morphology is
presented in Section 2.1. As with the coated stainless steel sample, the obtained morphology is
comprised of a hierarchical coral-like structure (Figure 6). As can be seen in Table 4, the highest
comprised of a hierarchical coral-like structure (Figure 6). As can be seen in Table 4, the highest
advancing contact angle and contact angle hysteresis obtained were 151.6◦ and 2.0◦ , respectively.
advancing contact angle and contact angle hysteresis obtained were 151.6° and 2.0°, respectively.

Figure 6. SEM micrograph of a Cu–MoS2 composite coating on a carbon steel N80 substrate, (b) SEM
Figure 6. SEM micrograph of a Cu–MoS2 composite coating on a carbon steel N80 substrate, (b) SEM
micrograph of the coating in (a) with higher magnification.
micrograph of the coating in (a) with higher magnification.
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The deposition time controls the size of the protuberances in the coating. As shown in Figure
2d–e, the cross-section of the sample indicates that a thin copper layer is first deposited and then the
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copper coating in all electrolytes. A comparison of the surface before and after potentiodynamic
polarization in 0.1 M H2 SO4 did not show a noticeable change in the morphology (Figure 10a,b), while
the sample analyzed after polarization in 0.1 M NaOH solution (Figure 10c) shows Cu(OH)2 needles,
and the sample tested in 0.1 M NaCl solution was covered by a green layer (Figure 10d) which might
be related to the formation of copper chlorides [36].
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On the other hand, the composite Cu–MoS2 coating presented a similar anodic behavior to the
copper coating in all electrolytes. A comparison of the surface before and after potentiodynamic
polarization in 0.1 M H2SO4 did not show a noticeable change in the morphology (Figure 10a,b), while
the sample analyzed after polarization in 0.1 M NaOH solution (Figure 10c) shows Cu(OH)2 needles,
and the sample tested in 0.1 M NaCl solution was covered by a green layer (Figure 10d) which might
be related to the formation of copper chlorides [36].

Figure 10. Composite Cu–MoS2 -coated samples (a) before and (b) after potentiodynamic polarization
Figure 10. Composite Cu–MoS2-coated samples (a) before and (b) after potentiodynamic polarization
in 0.1 M H2 SO4 , (c) after polarization in 0.1 M NaOH, and (d) after polarization in 0.1 M NaCl.
in 0.1 M H2SO4, (c) after polarization in 0.1 M NaOH, and (d) after polarization in 0.1 M NaCl.

When comparing the copper- and composite-coated samples, it is clearly seen that the catalytic
comparing
the copperand composite-coated
samples,branch
it is clearly
that(especially
the catalytic
effectWhen
of hydrogen
evolution
has a significant
effect in the cathodic
of theseen
curves
in
effect of hydrogen evolution has a significant effect in the cathodic branch of the curves (especially
in the H2SO4 solution). Taking into account the different roughness that each sample presents, a
negative effect because of the rough hierarchical structure or a galvanic effect between the more noble
particles and the copper matrix could not be seen. This finding indicates that the superhydrophobic
coating can be used in applications where copper is used for corrosion protection, with the addition
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the H2 SO4 solution). Taking into account the different roughness that each sample presents, a negative
effect because of the rough hierarchical structure or a galvanic effect between the more noble particles
and the copper matrix could not be seen. This finding indicates that the superhydrophobic coating can
be used in applications where copper is used for corrosion protection, with the addition of the positive
effects resulting from the superhydrophobic nature of the surface.
It is important to point out that potentiodynamic polarization exposes the samples to extreme
conditions (full immersion, high potentials). Superhydrophobic surfaces are not intended for immersion,
as it is well known that the Cassie–Baxter state is metastable and cannot be maintained for a long period
of time. In the case of our experiments, the sample was immersed for one hour when performing OCP
measurements, before the potentiodynamic polarization. However, in the case of droplets rolling on
the surface, the interaction between the surface and the electrolyte is very low as the droplet slides
freely, an effect that also leads to the so-called self-cleaning effect. How to retain the air plastron for a
longer time is an open topic for future research.
4. Conclusions
In this work, a simple composite electrodeposition setup was used to fabricate a composite coating
of MoS2 particles in a copper matrix. The as-formed coating presented a lotus leaf-like hierarchical
structure in the micro/nano range. This coating was successfully applied to stainless steel AISI 316L
and carbon steel N80 substrates. Surface roughness and surface energy can be controlled by the
electrodeposition process, the latter being dependent on the amount of MoS2 particles in the coating.
The coatings presented an advancing contact angle higher than 150◦ and a low contact angle hysteresis.
Pictures taken during immersion testing showed the formation of an air plastron, formed due to the
Cassie–Baxter state. EDX, XPS and TOF-SIMS surface analysis showed the presence of compounds
originating from additives used in the electrodeposition bath. Corrosion experiments showed that
the coating could be used in cases where copper is used for protection, with the addition of the
positive properties gained from its superhydrophobic surface. Superhydrophobicity is expected to
result in further protection, given the low interaction between the surface and harmful electrolytes in
the environment.
Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/10/3/238/s1,
Figure S1: OCP measurements, Table S1: Contact angle of different samples.
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Figure S1. Open circuit potential measurements in (a) 0.1 M H2SO4, (b) 0.1 M NaCl, (c) 0.1 M NaOH.
Contact angle obtained with different parameters. All samples were fabricated following the
procedure described in the paper. Contact angles were measured with a Drop Shape Analyzer Krüss
DSA30 depositing a 3 µL distilled water droplet in the center of the sample to avoid border effect in five
different locations. Finally, the mean value and standard error were calculated for each sample.
Table S1. Contact angle of different samples.
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Corrosion Behavior of Anodic Self-Ordered Porous Oxide Layers
on Stainless Steel
Lucia Helena Prado,

Evangelia Anastasiou, and Sannakaisa Virtanen*,z

Institute for Surface Science and Corrosion, Department of Materials Science and Engineering, University of ErlangenNuremberg, Germany
In the present study we performed anodization of stainless steel AISI 316L varying the voltage, time and H2O concentration in the
electrolyte obtaining self-ordered porous oxides. Open-circuit potential measurements, potentiodynamic polarization and
electrochemical impedance spectroscopy were performed in 0.1 M H2SO4, 0.1 M NaCl and 0.1 M NaOH electrolytes. The
metallic substrate underneath the grown oxide was also characterized. The results indicate that the corrosion behavior of
the metallic substrate is not impaired by the anodization treatments. However, “crevice-induced intergranular corrosion” between
the oxide and the metallic substrate was revealed after electrochemical measurements in the acidic electrolyte.
© 2021 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
1945-7111/abe1de]
Manuscript submitted December 1, 2020; revised manuscript received January 29, 2021. Published February 9, 2021.
Supplementary material for this article is available online

Over the last decades, metal anodization for growing nanostructured oxide layers has attracted considerable interest, as it allows the
growth of porous structured oxides presenting a wide range of
morphologies. The most common examples are aluminum1 and
titanium2 that can achieve highly ordered porous or nanotubular
oxide arrays. Nanostructures based on anodization have been
developed not only on valve metals,3 as later it was shown that it
was possible to obtain self-assembled anodic porous oxides also on
Fe.4 In the last few years, fabrication of porous oxide layers on
stainless steel by means of electrochemical anodization has become
very promising for nanoscale surface structuring.
The ﬁrst nanostructures on stainless steel AISI 316L were
demonstrated by Vignal et al.,5 who performed electropolishing
using an organic electrolyte with perchloric acid to obtain a dimplelike structure on the substrate surface. It was proposed that these
morphologies were created by convective cells in the viscous shell
formed in the substrate surface during the electropolishing process.
Other researchers5–8 used very similar electropolishing approaches
to obtain similar porous structures using different stainless steels as
substrate and performing anodization in organic electrolytes also
with perchloric acid. Later, Zhang et al.9 developed a two-step
process to grow a porous oxide on stainless steel, in which in the ﬁrst
step a porous dimple-like structure was obtained, followed by an
anodization step to grow an oxide layer using the previously
obtained structure as a template. Another method for growing a
porous oxide was presented previously,10,11 in which a squared
shaped wave potential was applied in an acidic electrolyte, leading to
a dissolution/deposition process to grow a disordered porous oxide
ﬁlm on stainless steel AISI 304 and 316L respectively. Farrag et al.12
also obtained a porous oxide layer in a 316L substrate using an
acidic, ﬂuorine containing organic based electrolyte.
Habazaki et al.13,14 were the ﬁrst to present the possibility of
growing a self-ordered porous oxide layer on the surface of stainless
steel AISI 304 using an ethylene glycol with NH4F and water
electrolyte with a galvanostatic bias. Later, anodization of 304
stainless steel in glycerol electrolytes containing HN4F and H2O was
shown to grow a porous oxide.15 Wang et al.16 studied the inﬂuence
of some parameters (such as potential and anodization time) on the
morphology and the formation mechanism of porous oxide layers on
stainless steel AISI 304 anodized in a water and NH4F containing
ethylene glycol electrolyte achieving thicker oxide layers. These
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electrolytes are also widely used for growing porous and nanotubelike oxides on different valve metals such as titanium.
The mechanism of anodic porous oxide formation in the case of
stainless steel is very similar to that of titanium and other metals.3
The process starts when a voltage is applied and a compact oxide
starts to grow on the surface. This compact oxide hinders ion
migration and thus the current decreases exponentially. After a few
seconds, ﬂuorides in the electrolyte start attacking the compact oxide
at random places and small pores start to appear on the surface. At
this point the current starts to deviate from its exponential decay.
The roughness that starts to appear on the surface creates a different
ﬁeld distribution at the tops and valleys of the irregularities, leading
to onset of pore growth. The growth takes place with an equilibrium
between oxide formation and dissolution, with the inward migration
of anionic species like O2−, OH− and F− from the electrolyte to the
substrate/oxide interface and outward migration of cationic species
such as metal ions.13 The ions that are extracted from the metal,
migrate from the substrate to the electrolyte forming soluble
compounds that are dissolved by the water in the electrolyte. Also,
there is a uniform oxide dissolution at the outer oxide/electrolyteinterface. In the end, an equilibrium is reached between the growth
of the oxide and its dissolution, and as the current stays constant, the
oxide grows with a porous morphology.
The corrosion resistance of stainless steel is due to a native
chromium-rich oxide on its surface that protects it from dissolution
in chemically aggressive aqueous environments. This protective
layer has a complex structure of iron and chromium oxide/
hydroxides species, chromium oxide being the species mainly
responsible for the material protection. Under speciﬁc conditions
stainless steel can suffer from localized breakdown of passivity, such
as pitting corrosion in halide-containing electrolytes, enhanced by
presence of impurity inclusions (such as MnS) on the surface.17 The
addition of alloying elements can increase the stability of the passive
state, as is the case with molybdenum that enhances the resistance of
stainless steel AISI 316L against breakdown of passivity in chloride
containing electrolytes.
To the best of our knowledge, few researchers have addressed the
corrosion behavior of anodic porous oxide layers grown on stainless
steel. Jaime et al.18 studied the corrosion behavior of anodic ﬁlms
grown on stainless steel AISI 304L (using an ethylene glycol based
electrolyte with water and NH4F) in 0.6 M NaCl ﬁnding that the
anodized samples were more susceptible to corrosion than the bare
material. However, these studies were done with anodized samples
without a subsequent annealing step. The structures that are grown
during such anodization treatments in organic solvent with the
presence of water and ﬂuorides are very rich in ﬂuoride and carbon
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from the electrolyte, which makes them highly soluble—in fact they
can be dissolved just by staying in contact with the atmosphere for a
couple of hours. Because of this it is necessary to perform an
annealing step to remove the ﬂuorides that are then replaced by
oxygen, forming a stable oxide. Lee et al.19 also performed
anodization of stainless steel AISI 304 (with the same electrolyte
components as in Ref. 18) with an annealing step after anodization
and further coated the porous oxide ﬁrst with a polytetraﬂuoroethylene coating and subsequently infused with Krytox oil for corrosion
protection applications. In this case, potentiodynamic polarization
showed that the anodized sample presents a much lower corrosion
current than the electropolished substrate in a 1 M HCl electrolyte.
As the corrosion resistance of stainless steel is directly related to
its passive ﬁlm, it is fundamental to characterize the corrosion
behavior of anodized surfaces. Furthermore, as the oxides are grown
at very high bias and in aggressive electrolytes, it is important to
determine if these anodization processes could have a detrimental
effect on the corrosion susceptibility of the underlying substrate. To
answer these questions, a set of electrolytes and anodization
parameters were selected amongst those in the presented literature
and screening experiments for optimized anodization and subsequent
characterization of the surface morphology, chemical composition
and corrosion behavior were carried out. These optimization of
anodization parameters was carried out using a design of experiments (DOE) approach to assess two key morphological aspects:
coverage of the surface and the pore distribution. A set of samples
was selected for analysis of surface composition and corrosion
experiments in different electrolytes, to assess, if anodization
parameters have an effect in the corrosion behavior of the resulting
oxidized surfaces. Using another set of samples, the effect of the
anodization process on the substrate was studied. For these samples,
the oxide was removed after anodization, leaving the substrate
surface exposed for surface analysis and corrosion experiments.
Experimental
Stainless steel AISI 316L cut in 1 × 20 × 20 mm squared shaped
specimens were used as substrates. One side was ground with up to
1200 SiC grinding paper and then polished with up to 1 um diamond
suspension. After polishing, the samples were cleaned in an
ultrasonication bath with acetone and ethanol.
Anodization was performed using a two electrode cell. The
sample was connected as the anode at the bottom of the cell in a
horizontal position, a platinum electrode was used as the cathode, the
distance between electrodes being 1 cm. One side of the substrate
was in contact with the solution through a circular O-ring sealed
opening exposing an area of 1 cm diameter. The temperature of the
sample surface was ﬁxed at 20 °C by a thermostat connected to the
opposite side of the anodized area. The electrolyte consisted of
ethylene glycol, NH4F concentration was 0.1 M, H2O concentration
was 0.1 M, 0.15 M, or 0.2 M and voltage was set to 50 V, 70 V or
90 V. The anodizations were performed in a two-step procedure to
obtain a more regular structure. The ﬁrst anodization step was
performed using the parameters selected for each experiment with a
ﬁxed duration of 20 min After anodization, the formed easily soluble
oxide was removed by means of ultrasonication in deionized water.
Subsequently, the second anodization step was performed with the
duration corresponding to each experiment. Then the sample was
rinsed with 20 vol.% water in ethanol to remove remnants of the
Table I. Experiment factors of the DOE and their respective levels.
Levels
Factors

−1

0

1

Voltage (V)
Time (min)
H2O (M)

50
10
0.1

70
20
0.15

90
30
0.2

electrolyte and ﬁnally annealed at 400 °C for one hour in air. For the
samples used to characterize the behavior of the substrate beneath
the anodic oxide layer, no annealing was used. Instead, the oxide
layer after the second anodization step was removed by ultrasonication in distilled water.
Despite the interest in stainless steel anodization for obtaining
nanostructured oxides, few researchers have presented different
morphologies that can be achieved with different parameters.
Thus, it is important to assess if there is a correlation between the
presence of an anodic layer and corrosion behavior. The methodology of design of experiments (DOE) was used to have a ﬁrst
insights on which type of nanostructures can be obtained. This
approach has been previously used to study oxide nanotube
formation on aluminum20 and titanium.21,22 From this set of
experiments, some samples were selected for surface analysis and
studies of the corrosion behavior.
The DOE approach was chosen because it allows to investigate
not only the main effect of each parameter but also its interaction
with other parameters, i.e., it is possible to identify, if the effect of
one factor is bound to the level of another factor with a minimum
amount of required experiments. A factorial design was employed
with water concentration, voltage and anodization time as factors,
having three levels each (indicated as +1, 0 and −1 in Table I). The
combination of parameters for each experiment can be seen in
Table II. Both surface coverage of the porous oxide and the pore
distribution (see below) in the oxide were studied using the software
ImageJ.23 To obtain the effect of the obtained variable responses and
its interactions, the DOE analysis was performed using the software
Rstudio.24
For calculating the surface coverage, SEM images were used,
thus the area covered with oxide was divided by the total area of
the picture. For analyzing the distribution of the porous structure the
nearest neighbor approach was used.25–28 In the ﬁrst stage the
position of the center of each pore was obtained creating a list of
x and y coordinates, then the nearest neighbor distance was
calculated for each of these locations29 which consequently were
used for calculating the nearest neighbor statistic given by formula 1.
Rn =

((å(d1 ¼ dn) ) n)

(0.5 ´  (a n))

[1]

where a is the studied area, n the number of pores and dx the
distance between each pore and its nearest neighbor. It can be seen
that the numerator represents the mean value of the actual distance
measured for each pore to its nearest neighbor and the denominator
corresponds to the distance theoretically predicted between different
pores. Thus, if Rn is near to one, the pores in the images have a
random distribution, if Rn is close to zero then the points are highly
clustered and if it is near 2 the points have a regular distribution.
Surface morphology was characterized with scanning electron
microscopy (SEM, Hitachi s-4800). Cross sectional samples were
fabricated with ion milling using argon ions and investigated with
SEM. Surface composition and depth proﬁles were measured with
X-ray photoelectron spectroscopy (XPS, PHI 5600, US), and peak
positions were calibrated with respect to the C 1s peak at 284.5 eV.
For depth proﬁles Ar gas was used for sputtering. Additional SEM
characterization (see supplementary information Fig. S2 available
online at stacks.iop.org/JES/168/021507/mmedia) was carried out by
scanning electron microscopy (SEM, Tescan LYRA3) while composition analysis (SI, Fig. S3) was performed by energy dispersive
X-ray (EDX, EDAX/TSL Genesis 4000).
Corrosion experiments were performed in 0.1 M H2SO4, 0.1 M
NaCl and 0.1 M NaOH electrolytes. A three electrode conﬁguration was
used with the sample connected as the working electrode, a platinum
electrode as a counter electrode, and an Ag/AgCl (3 M) as a reference
electrode. In the case of the experiments performed in the 0.1 M NaOH
solution a leakless miniature Ag/AgCl electrode (ET072-1, eDAQ Pty
Ltd.) was used. Each experiment is presented regarding the corresponding reference electrode used for each experiment. The sample was
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Table II. Factors settings of the DOE and the responses obtained for surface covering by the oxide and pores distribution.
Factors
Experiment number
1
2
3
4
5
6
7
8
9
10

Response

Voltage

Time

H2O concentration

Covered surface fraction

Rn

−1
+1
−1
+1
−1
+1
−1
+1
0
0

−1
−1
+1
+1
−1
−1
+1
+1
0
0

−1
−1
−1
−1
+1
+1
+1
+1
0
0

1.00
1.00
0.54
0.64
1.00
1.00
0.88
0.98
1.00
1.00

1.31
1.41
1.18
1.38
1.45
1.58
1.57
1.52
1.52
1.46

in contact with the solution through a circular O-ring sealed opening
exposing a circular area of 7 mm diameter. For each solution, open
circuit potential measurement (OCP, Zahner Zennium Electrochemical
Workstation) was performed for one hour. The obtained OCP values
are presented in Fig. S4 in the Supplementary Information. As soon as
the OCP measurement was concluded, potentiodynamic polarization
was conducted at room temperature with a 1 mV s−1 scanning rate,
from −300 mV vs the OCP until 1.6 V in the anodic direction.
Electrochemical Impedance Spectroscopy (EIS) was measured at the
corrosion potential (Ecorr) with an amplitude of +/−10 mV in a
frequency range of 10 kHz–10 mHz.
Results and Discussion
SEM images of the porous oxides obtained with the factorial
design are shown in Fig. 1. The pictures with higher magniﬁcation
were used to study the pore distribution while the lower magniﬁcation pictures were used for assessing the percentage of the surface
covered by the porous oxide layer. Pictures with higher magniﬁcation from samples 3 and 4 show patches of a porous oxide layer
while the space in between was not covered by a porous oxide (see
Fig. S1 from the supplementary information). Pictures from Fig. 1
already illustrate that there is a considerable variability in the oxide
morphology when varying anodization parameters. Table II presents
the numeric values obtained from the images for oxide coverage and
pore distribution.
Cross-sections of samples with higher oxide coverages are shown
in Fig. 2 to have a clearer insight of the porous structure. It can be
seen that the oxides present a barrier-like compact layer covered by
the porous oxide layer. Between these two layers and the stainless
steel substrate, a thermal Fe rich oxide layer was formed due to the
high temperatures used during the annealing process. Figure 3 shows

an XPS depth proﬁle of a sample anodized at 90 V but only for 90 s
to grow a thinner oxide that could be fully removed by the sputtering
to reach the metallic substrate. This proﬁle shows that in the ﬁrst
35 min of sputtering, a composition proﬁle very similar to samples
prepared with the same parameters but with longer anodization
duration (see Fig. 7) takes place. Towards the end of the proﬁle the
composition of the metallic substrate is reached. Between the oxide
and the metallic substrate, an increase in the ﬂuorine concentration
takes place. This is due to the fact that ﬂuorine can travel faster than
oxygen through the oxide layer, generating a ﬂuorine-enriched
interlayer.3 Finally, in the region between this interlayer and the
metallic substrate an Fe enriched zone formed during the annealing
step can be distinguished. Composition analysis will be performed in
more detail below. Some images in Fig. 2 also show a layer on top of
the porous oxide that was built up due to the ion milling process,
more information regarding this layer is presented in Figs. S2 and S3
in the Supplementary information.
Wang et al. suggested that the cross-linked connected morphology of the pores is related to the complete dissolution of Ni
oxides formed in the oxide layer when the nanopores are growing,
while Fe2O3 and Cr2O3 species are partially dissolved.16 Even
though the anodization was performed with constant parameters,
cross-sections from samples 7 and 8 (longer anodization times)
present a layered structure. It was not possible to elucidate the cause
of such layered structures, nevertheless we present here some
examples from the literature where similar structures were obtained.
A ﬁrst possibility could be related to the fact that as the anodization
is taking place, the electrolyte is changing its composition, due to the
dissolved species, and by water uptake due to the highly hygroscopic
nature of ethylene glycol. Albu et al.2 developed maps showing how
the oxide nanostructure of TiO2 can change as a function of voltage
and water content in the electrolyte. Changes in the electrolyte

Figure 1. SEM images of the porous oxides obtained with the DOE approach. The inset pictures show the coverage of the surface by the oxide layer. The
number in the left and bottom corner corresponds to the number experiment from Table I with the experiment parameters. The scale bar of the larger images is
1 μm and the scale bar of the inset images corresponds to 50 μm.
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Figure 2. SEM images of cross-sections obtained by ion-milling of the porous oxide layers obtained with the DOE approach shown in Fig. 2. Figure (f) shows
the metallic substrate, the compact barrier layer and the porous oxide layer with a higher magniﬁcation. The number in the left and bottom corner corresponds to
the number experiment from Table I with the experiment parameters. The layer marked with an arrow in (a)–(d) is buildup material from the ion milling process.

Figure 3. XPS sputter depth proﬁles of a sample anodized applying 90 V for
90 s in a 0.1 M NH4F and 0.2 M H2O in ethylene glycol electrolyte. It can be
seen that before reaching the metallic substrate an Fe enriched zone takes
place.

composition are not sudden, but assuming that a similar scheme
could be made for stainless steel anodization, the pore morphology
could change upon reaching a threshold value in the composition,
leading to the formation of an interface between different morphologies. Another example could be the study performed by Özkan
et al.,30 where Ti substrates were anodized in a ﬂuoride containing
di-methyl sulfoxide electrolyte using lactic acid as additive. In their
work a multilayer porous oxide layer was obtained accompanied by
periodic oscillations in the current. They concluded that the multilayer structure was inﬂuenced by the lactic acid concentration,
applied voltage, established diffusion conditions and temperature. In
our case we did not obtained such current oscilations, but the aspect
of such layers are very similar to those shown in Fig. 2. Wang et al.16
also proposed the possibility of performing anodization with
increasing voltage steps to maintain a continuous pore size, as the
pores tend to become smaller due to the voltage decreasing through

the oxide when it gets thicker. Between these potential steps, similar
layered boundaries were found in the oxide structure. Another
explanation could be the fact that the oxide is subjected to stresses
that build up while it is growing. If certain stress would be reached
where the oxide would slightly detach from the substrate, but not
completely peel off, the anodization could continue with a slight
interface between the detached layer and the one that continued
growing below. We presented above different examples from the
literature where similar layered structures were obtained, however in
the case of stainless steel anodization further work would be
necessary to elucidate the source of such patterns.
A repetition of the middle point experiments (9 and 10) shows
that there is also some variability in the results obtained when using
the same parameters. The size of the pores and the thickness of the
oxide layers were not included in our analysis, as it is known that the
pore size is directly related to the applied potential and the thickness
to the duration of the anodization.3
The bars in the Lenth plot (see Fig. 4) shows the effects and
interactions obtained for each parameter. The length of each bar
represents the effect while the positive or negative value is related to a
positive or detrimental effect, respectively. For example, in Fig. 4a can
be seen that H2O concentration and its interaction with time have a
positive effect leading to a higher covering of the surface by the porous
oxide. However, the negative value of the time’s effect shows that
longer anodization time leads to a lower covering. The growth of the
porous oxide takes place under a competition between oxide growth
and its dissolution because of the water and ﬂuorides present in the
electrolyte. This dissolution is not only responsible for the formation of
the pores, but also provokes a uniform dissolution at the interface
between the surface of the oxide and the electrolyte. Besides, the
solubility of the oxide after the anodization (and before the annealing
step) is very high, so the structure is highly susceptible to any change
in the electrolyte composition and also ambient humidity. With longer
anodization times, the cracks on the structure will expose the oxide to
be attacked from the sides, which might lead to the oxide patches that
can be seen in the samples that were not fully covered. This can be
added to the fact previously discussed, that the electrolyte is changing
its composition and incorporating water, making this effect more
aggravating with a longer anodization duration.
Table II presents the nearest neighbor statistic (Rn) obtained for
all samples from the DOE arrangement. As can be seen, all the
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Figure 4. Lenth plots of the DOE analysis showing the effects of each
parameter and its combination performed to investigate the effects and
interaction of voltage, anodization time and H2O concentration in the
electrolyte in (a) coverage of the porous oxide and (b) pores distribution in
the oxide.

samples presented a value between 1 and 2, as in all pictures pores
are distributed covering all the surfaces and do not present
clustering. As expected from the SEM pictures, samples 1 and 3
present an irregular distribution with an Rn value nearer to 1, while
samples 7 and 8 (with a more ordered distribution) present a higher
Rn value. The Lenth plot in Fig. 4b revealed that the main effect on
the pore distribution is due to water concentration.
It is interesting to remark that some applications are favored by
presenting irregular structures, as is the case of superhydrophobic
surfaces, where high roughness in the micro/nano scale, and even
hierarchical roughness is desired.31,32 In this way, having a sampling
of the different morphologies that can be obtained with stainless
steel anodization is very interesting, as it can suit a wide range of
applications. However, more work is necessary to further study in
depth the correlation between anodization parameters and morphology of the oxides.
For analyzing the composition and corrosion behavior of the
oxides, samples 5 and 6 from the factorial design were chosen
(fabricated with 50 V and 90 V, respectively, 0.2 M H2O concentration and a duration of 10 min). In addition, a third sample was
fabricated with 70 V (also 0.2 M H2O and a duration of 10 min).
These samples will be referred to as Oxide50V, Oxide70V and
Oxide90V, as the only difference in the fabrication process is the
anodization voltage. As an important question to answer was, if the
anodization process presented a detrimental effect on the alloy
substrate composition beneath the grown oxide, two additional
samples were produced following the same methodology than for

samples Oxide50V and Oxide90V, but instead of a ﬁnal annealing
step, the oxide was removed with ultrasonication in water, revealing
the metal substrate underneath it. This procedure was followed for
samples 5 and 6 and will be referred to as Clean50V and Clean90V,
accordingly. Finally, a bare polished stainless steel substrate was
used as reference.
At high voltages chromium suffers for transpassive dissolution,
forming CrO42− in the case of acidic solutions and Cr2O72− in
neutral and alkaline solutions.33 It would be expected that at the high
voltages used for the anodization, the formation of these soluble
species could take place and that the composition of the oxide layer
would be predominantly iron oxide species. However, according to
Kure et al.,13 the low amount of water in the electrolyte reduces
dissolution of chromium species, allowing the oxide to grow with a
high Cr concentration at high voltages, assisted by the intake of a
high amount of ﬂuorine which will be replaced by oxygen during the
annealing process.
Figure 5 displays the XPS survey spectra and the high resolution
spectra for each element, while Table III summarizes the surface
composition calculated from the high resolution peaks. Due to their
low surface concentration (see Table III), Ni and Mo high resolution
spectra are not shown. In all anodized samples, carbon and ﬂuorine
are incorporated in the oxide layers from the electrolyte. There is
also a higher carbon concentration on the surface due to adventitious
carbon.
As can be seen in Fig. 5, clean samples still retain remnants of the
oxide, providing information about changes in the layer composition
when comparing them to the oxide layer after annealing. However, it
is important to take into account that changes in the composition can
occur by the cleaning step in water. The O1s spectra, clearly shows
two peaks around 530.0 eV and 531.5 eV for the bare substrate
that can be ascribed to metal oxides and metal hydroxides,
respectively13—in line with typical ﬁndings for the native passive
layer with a layered structure with these two components.34 After the
anodization step, the cleaned samples show a higher binding energy
for oxygen that can arise from a higher amount of hydroxides and
adsorbed water on the surface. Finally, after annealing, the XPS O1s
signal for both oxide samples shifts again to lower binding energies,
indicating a composition of mainly metal oxides.
Fluorine is also present in the cleaned samples due to remnants of
the oxide layers. The F1s signal of the cleaned samples present
values mainly due to metal (II) and metal (III) ﬂuorides (684.4 eV
and 685.3 eV, respectively).15 On the other hand, after annealing, the
F1s signal of the sample Oxide90V presents a lower binding energy
(around 684.0 eV), possibly due to the formation of ﬂuorine
complexes with metal oxides and hydroxides.15 Also, presence of
ﬂuorine in the cleaned samples shifts the peaks of other elements
towards higher binding energy values.13
According to the Cr2p spectra, the native passive ﬁlm on the bare
substrate is mainly composed of Cr2O3 and in a lower amount of
Cr(OH)3 (576.6 eV and 579.1 eV, respectively13). Again, oxide
remnants on the cleaned samples lead to higher binding energies
in the Cr2p spectra, mainly because of Cr(OH)311,35 but also at
579.0 eV for Cr(VI) species15,35 and possibly CrF2.15 For the anodic
layers after annealing, the chromium oxide peaks are enhanced and
the presence of higher binding energy peaks is likely due to the
formation of more Cr(VI) species in the annealing step. The fact that
these higher energy signals are present in both annealed samples and
also in the Clean90V sample spectra, could be an indication that Cr
(VI) was formed both because of high voltage anodization and
during the annealing process. This is important to take into account
due to the toxic nature of Cr(VI) species. For the samples Clean50V
and the bare substrate, a peak near 574.0 eV can be ascribed to
metallic Cr,36 as the oxide is thin enough to transmit photoelectrons
from the metallic substrate.
Fe2p spectra is more complex to analyze due to overlap of the
spectral peaks and satellites.35 For example, the signal at 711.0 eV
can be related to Fe oxides, oxy-hydroxides, mixed Fe–Cr oxides
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Figure 5. (a) XPS survey spectra and (b)–(h) high resolution spectra for oxides, cleaned samples and bare AISI 316L stainless steel.

Table III. XPS surface composition of porous oxides in at.%, cleaned samples and bare AISI 316L stainless steel.

Oxide90V
Oxide50V
Clean90V
Clean50V
SS AISI 316L

C1s

O1s

F1s

Cr2p

Fe2p

Ni2p

Mo3d

11.77
11.2
30.52
34.38
28.63

59.16
56.87
48.08
51.59
50.35

0.67
0.44
7.93
1.38
—

12.20
9.99
2.58
5.38
10.13

14.53
19.47
9.41
6.60
9.42

1.26
1.58
1.30
0.00
0.64

0.41
0.44
0.19
0.67
0.84

and FeF2.15 At higher binding energies at ca. 713.0 eV, a hydroxideﬂuoride mixed compound could be present while the peak at
714.7 eV could be related to FeF3 or a complex like [FeF6]3−.15
As well as in the Cr2p spectra, the bare substrate and the Clean50V
samples show metallic Fe from the substrate underneath the oxide
with binding energy around 706.6 eV.35
SEM top-view images of samples Clean50V and Clean90V are
shown in Fig. 6. As can be seen, sample Clean90V presents some
oxide remnants that were not removed by ultrasonication in water.
On the other hand, the Clean50V sample had a shiny surface that
appeared clean. The high resolution spectra of both samples present
a high ﬂuorine presence, and as expected, the Clean90V sample has
the highest ﬂuorine signal due to the oxide remnants. The presence
of these oxide residues could be an indication of an inhomogeneous
composition of the oxide that takes place mainly when using higher
voltages. O and F signals from the XPS depth proﬁle (see Fig. 7) of
the Clean90V sample supports the presence of an oxide on the
surface. However, apart from the presence of F, its depth proﬁle is
very similar to that of the bare stainless steel sample.
For the samples Oxide90V and Oxide50V, the depth proﬁles
show a very similar composition. Sputtering was performed until a
sputter time of 100 min, and as can be seen the stainless steel
substrate was not reached. The O concentration is higher at the
surface, and then diminishes until reaching a uniform value, while
the concentration of metal ions decreases towards the surface. The
main difference between the two samples is the uniform

concentration of ﬂuorine species in the Oxide90V. The depth
proﬁles of the oxide layers show a chromium concentration that is
very similar to that of the substrate while the iron concentration is
lower than in the substrate, indicating an increase in the chromium to
iron ratio in the oxide layers.
It has been reported that during passivation of stainless steel there
is an enrichment of nickel in the metal matrix beneath the oxide layer,
as dominantly chromium and iron are oxidized to form the passive
layer.37 On the other hand, it was reported by12 that in the case of
stainless steel anodization in organic electrolytes at high voltages, all
components are uniformly dissolved. In our case, XPS depth proﬁle
did not give any indication of selective dealloying. Besides, as the
potentials used for the anodization are high, there may be less
differences in the oxidation of the different alloying elements.
Potentiodynamic polarization curves in Fig. 8 show passive
behavior in all electrolytes and for all samples (bare stainless steel,
samples with anodic layers and samples with oxide layers removed
after anodization). In 0.1 M NaCl, the passive region is limited by
onset of pitting corrosion. The passive current densities and the
pitting potential are very similar for the bare stainless steel and the
anodized samples after removal of the oxides layer. This indicates
that anodization does not impair the pitting resistance of the
substrate. Also, the current densities are much higher for the samples
with the anodic oxide layers and a distinct pitting potential cannot be
detected. The OCP measurements for the oxide layers (Fig. S4 in the
Supplementary information) also show cathodic oscillations
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Figure 6. SEM images of (a) Clean50V (b) Clean50V with higher magniﬁcation, (c) Clean90V and (d) Clean90V with higher magniﬁcation.

Figure 7. XPS sputter depth proﬁles of (a) bare AISI 316L, (b) Clean90V, (c) Oxide50V and (d) Oxide90V.

indicating breakdown/repassivation events, especially at the beginning of the measurements. After potentiostatic polarization in
chloride containing solutions, pitting corrosion spots were found in

places where the porous oxide layer was damaged in a localized
manner (see Fig. 9f). This type of corrosion was found in all the
anodized samples, where the Oxide50V sample presented more and
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Figure 8. Polarization curves and EIS (Bode plots) recorded for porous oxides, cleaned samples and bare stainless steel AISI 316L in (a) 0.1 M H2SO4,
(b) 0.1 M NaCl and (c) 0.1 M NaOH.

bigger pits, and the sample Oxide90V presented much smaller
localized corrosion spots. Thus it can be concluded that thicker
anodic oxides produced at higher voltages offer a higher protection
against pitting corrosion.
In 0.1 M NaOH, the passive region is limited by early onset of
transpassive dissolution (as indicated by the anodic peak corresponding to Cr(III) oxidation to Cr(VI)). Again, the cleaned samples
show a very similar behavior to the untreated stainless steel samples,
and the samples with the anodic oxide layer show signiﬁcantly
higher current densities.
As shown above, the anodic oxide layers contain ﬂuorine, which
could be harmful for the resulting corrosion behavior, as halides can
lessen passivity by the onset of pitting corrosion at lower voltages.38
However, potentiodynamic polarization in 0.1 M H2SO4 solution
shows that all samples suffer transpassive dissolution in the same
potential range as the bare stainless steel (independent of the amount
of ﬂuorine detected on the surface, see Table III). Therefore, ﬂuorine
that is trapped in the oxide after annealing seems not to impair the
passive behavior of the substrate. Nevertheless, it can be pointed out
that the ﬂuorine could enhance other corrosion mechanisms which
were not evidenced in our experiments.

The potentiodynamic polarization curves in all electrolytes
clearly can be divided in two groups, the ﬁrst group being samples
with the anodic oxide layers, and the second one the cleaned and the
bare stainless steel substrates. This trend is also visible in the EIS
Bode plots (Fig. 10), indicating very clearly how the absolute
impedance of the sample with anodic oxide layers is inferior to the
bare and cleaned substrates. Furthermore, the phase Bode plot shows
how the cleaned substrates present a nearly purely capacitive
behavior in a large frequency range, as typical for passive ﬁlms
with a high corrosion resistance. On the other hand, the Bode plots
of the anodic oxide layer samples show that the corrosion process
has more than one time constant (that may be related to the porous
nature of the oxide layers). The only exception is the Oxide50V
sample tested in the acidic electrolyte. The fact that the Bode plots
clearly can be grouped in the anodic oxide covered samples on one
side and the substrates on the other side, suggests a different
corrosion mechanism between these two groups. This change in
the corrosion mechanism could be due to the different composition
of the surface, but also related to the different surface morphology.39
A trend that can be seen in all electrolytes when comparing these
two sample groups, is that the porous oxides present higher current
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Figure 9. SEM pictures of (a) Oxide90V, (b) Oxide70V, (c) Oxide50V, (d) Clean90V and (e) Clean50V tested in 0.1 M H2SO4 where it can be seen that the
samples in (a) and (b) show clearly intergranular corrosion below the porous oxide while in samples (c)–(e) grain boundaries are not distinguished. Figure (f1)
shows sample Oxide90V, f2) Oxide70V and f3) Oxide50V tested in 0.1 M NaCl where a localized corrosion (pitting) can be seen. Inlet pictures show
macroscopic images of the samples were the peeled-off layer and the pitting corrosion spots can be seen.

densities for cathodic and anodic reactions, as well as for lower
impedance values. This indicates that the anodic oxide layers
contribute to the electrochemical reactions, such as reduction of
Fe2O3 present in the oxide layer during cathodic polarization and
oxidation of thus formed lower-valent iron oxide during subsequent
anodic polarization;34 moreover oxidation of Cr2O3 into Cr(VI)
species will take place at according potentials.35 Due to the large
surface area for porous oxides, the nominal current densities are
strongly increased due to such reactions. Furthermore, it can also
be seen that the cathodic currents of the anodized samples are
signiﬁcantly higher in the acidic and basic electrolyte, while the
anodic current is higher in the neutral, chloride-containing solution.
The origin of this effect is not currently clear. It may be related to
cathodic dissolution of iron oxides on the surface; however the
different observations at different pH-values need to be further
investigated.
Another clear conclusion that can be made from regrouping the
polarization curves in this way, is that the electrochemical behavior
conﬁrms that the anodization process does not have a negative effect
on the substrate corrosion resistance underneath the formed oxides,
as the cleaned samples present a very similar behavior to the bare
stainless steel—this is logical considering that there is no signiﬁcant
change in the composition of the metallic substrate beneath the
anodic oxide layer.
Interestingly, after performing electrochemical experiments of
samples with an oxide layer in the 0.1 M H2SO4 electrolyte and
subsequently gently rinsing the samples with deionized water and
drying with a nitrogen stream, the oxide layer peeled off (see
Figs. 9a–9c). Given the fact that the only samples that had the oxide
detached were the ones tested in the acidic electrolyte and as the
oxide that remained on the surface had a porous structure with no
signs of deterioration in its nanoporous structure, one possible
explanation could be a cathodic dissolution of the thermal iron rich
layer40 between the porous oxide and the metallic substrate in the
acidic electrolyte.
Particularly noteworthy is the fact that in the areas where the
oxide peeled off, marked intergranular corrosion was observed.
Figures 9a1, 9b1 and 9c1 show an area where the porous oxide layer
remained on the surface, and another where the oxide layer detached,
revealing clear signs of intergranular corrosion in the metallic
substrate. It can also be seen that the remnants of the oxide layer
present no cracks that could lead to such localized corrosion pattern.
It is noteworthy to point out that the cracks present in the Oxide50V
sample (Fig. 9c) were produced during the anodization process, thus

were present before the corrosion analysis. It can also be seen that
this sample did not present intergranular corrosion. If this type of
localized corrosion would originate solely from the anodization
process itself, it would also be present on open surfaces of the
cleaned samples tested in the acidic electrolyte; however this was not
the case (see Figs. 9d–9e). However, intergranular corrosion was
also detected in the crevice area between the O-ring sealing and the
sample surface for the cleaned samples. Figure 10 shows a diagram
of the electrochemical cell together with pictures from the areas
where the O-ring was in contact with the Clean90V and Clean50V
samples. For both cleaned samples intergranular attack was observed
in the crevice area, however for the Clean50V sample in a smaller
area; hence intergranular corrosion seems to be intensiﬁed when
higher voltages are applied in the anodization process. The evidence
from these experiments points towards the idea of a crevice-induced
intergranular corrosion taking place, i) in the crevice formed
between the oxide layer and the metallic substrate when an
intermediate iron rich thermal layer is dissolved, and ii) in the
crevice between the O-ring and the exposed surfaces of the cleaned
samples.
As the stainless steel substrate has a low carbon content and the
temperature used during the annealing step is low, it is not likely that
the intergranular corrosion in this case originates from chromium
rich carbide precipitation at grain boundaries (sensitization).
However, even if it is not likely to happen under our conditions,
to prove this, a bare polished stainless steel substrate was annealed at
400 °C for one hour and subsequently corrosion experiments in the
acidic electrolyte were performed following the same procedure
used for the anodized samples. As expected, this sample did not
show any sign of intergranular corrosion even in the crevice region
formed by the O-ring (see Fig. S5 in the supplementary information),
indicating that the sample did not suffer from sensitization and that
the intergranular corrosion observed for oxidized samples is related
solely to the anodization process (and not to the annealing of the
anodized samples).
The fact that no intergranular corrosion was observed for the bare
stainless steel sample and the bare annealed substrate in the O-ring
crevice area leads to the conclusion that a combination of an
anodization process and presence of a crevice is required for this
type of corrosion attack to occur, which is not related to chromiumrich precipitates at grain boundaries, but possibly to a selective
de-alloying in the grain boundary region. The increased aggressiveness of the electrolyte due to the crevice formation between the
detached oxide layer (before peeling off) and the metallic substrate
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Figure 10. (a) Schematic representation of the electrochemical cell and SEM pictures of samples b1-3) Clean90V and c1-3) Clean50V were it can be seen the
location were the O-Ring was in contact with the sample creating a crevice leading to intergranular corrosion. Pictures b1) and c1) show with a dashed lined this
region and b2-3) and c2-3) the same location with a higher magniﬁcation. Also, it can be seen how the intergranular etching is more intense in the sample
anodized at higher voltages.

create the conditions to attack preferentially the grain boundaries
with a depleted resistance possibly due to local de-alloying taking
place during anodization.
Conclusions and Summary
DOE for anodization of stainless steel AISI 316L identiﬁes
different morphologies that can be achieved with a different
combination of parameters. The oxide coverage is directly related
to the duration of the anodization, and in a second order to the water
content in the ethylene glycol based electrolyte as well as to the
interaction between these two parameters. On the other hand, the
pore distribution in the oxide is primarily affected by the water
content in the electrolyte.
XPS data indicates incorporation of ﬂuorine from the electrolyte
in the anodic oxide layers. After annealing, the ﬂuorine concentration decreases but a small amount of remnant ﬂuorine is still
detected on the surface. This trapped ﬂuorine however is not
deleterious for the corrosion behavior.
The composition of the surface after removing the anodic porous
oxide layers is very similar to the bare stainless steel surface. The
porous anodic oxide layers are signiﬁcantly thicker than native airformed passive ﬁlms on the bare and cleaned stainless steel samples
and mainly consist of Cr and Fe oxides.
Electrochemical behavior of the bare stainless steel surface, for
anodized and annealed samples, and for samples after removal of the
anodic oxide layers was compared in acidic, neutral chloridecontaining and alkaline solutions. In all electrolytes, the corrosion
behavior of the samples could be grouped on one side by the samples
with the oxides grown with different potentials and in another group
by the cleaned substrates together with the bare stainless steel. The
samples with oxide layers show signiﬁcantly larger cathodic and
anodic current densities than for the bare and cleaned samples,
indicating participation of the oxide layers in the electrochemical
reactivity (such as reduction of Fe-oxides and oxidation of Cr-oxides
in the corresponding potential regimes).
A similarity in the corrosion behavior of the cleaned samples and
the bare stainless steel was observed indicating that the anodization
process does not signiﬁcantly impair the corrosion resistance of the
underlying substrate. However, after experiments in the acidic
electrolyte, the oxide easily peeled-off revealing a marked intergranular corrosion on the metallic substrate. For the cleaned
samples, similar intergranular attack after electrochemical experiments in the acidic solution was only observed in the crevice area
where the O-ring of the electrochemical cell was in contact with the
sample. This crevice-induced intergranular corrosion that takes place
between the porous oxide layer and the metallic substrate is possibly

due to a cathodic dissolution of a thermal iron rich layer present at
the metal/porous oxide interface.
In summary, it can be concluded that stainless steels with anodic
porous oxide layers can be used without concerns of corrosion
behavior in applications were basic or neutral electrolytes are used,
moreover these surfaces also show a good resistance against pitting
corrosion in Cl− -containing solutions. However, acidic electrolytes
will lead to detachment of the oxide layer and harsh conditions
created inside crevices that are formed on the substrate surface can
lead to intergranular corrosion of the substrate after such anodization
treatments.
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a b s t r a c t
In this work we present fabrication of slippery liquid infused porous surface (SLIPS) for anodized stainless
steel AISI 316L. First, a porous sponge-like oxide layer was grown that subsequently was functionalized
with perfluorinated molecules and finally infused with fluorinated Krytox oil. Morphology, composition
analysis and wettability (also after corrosion testing) were characterized. Furthermore, corrosion
behavior was studied with potentiodynamic polarization curves in 0.1 M H2SO4 and 0.1 M NaCl
electrolytes. Our results demonstrate that the SLIPS coating protects the underlying material from
corrosion, and the self-healing properties of the oil layer allow to recover localized damage during
corrosion experiments.
Ó 2021 Elsevier B.V. All rights reserved.

1. Introduction
Inspired by the lotus leaf, superhydrophobic surfaces have been
created combining a hierarchical nanostructure in the micro/nanometer range and a low surface energy, leading to contact
angles higher that 150° and very low contact angle hysteresis,
promising in the field of water repellency [1,2]. For such surfaces,
an air layer is trapped between the tip of the rough features of
the surface and water [3]. However, this system suffers from limitations that severely restrict its application. For example, it cannot
repel liquids with low surface tension and will also fail at higher
pressures or temperatures as well as at high humidity. Furthermore, the air layer, trapped in between the solid substrate and
repelling liquid, frequently called plastron, is metastable, and will
be replaced by water after some time of immersion [4].
Inspired by the pitcher plant, Wong et al. [5] introduced an
improved version infusing a superhydrophobic coating with a liquid layer. This new coating was named slippery liquid infused porous surfaces (SLIPS) and for its fabrication three main requirements
have to be met: (i) the infused liquid must wet and cover the entire
surface, (ii) the solid substrate must be preferentially wetted by
the infused liquid and not by the one that needs to be repelled,
and (iii) these two liquids must be immiscible. The first point can
be met by creating a porous structure that will trap the liquid by
⇑ Corresponding author.
E-mail address: virtanen@ww.uni-erlangen.de (S. Virtanen).
https://doi.org/10.1016/j.matlet.2021.129892
0167-577X/Ó 2021 Elsevier B.V. All rights reserved.

capillary sorption while the second is reached by tuning the
surface chemistry. SLIPS have a smooth and defect free surface
leading to contact angles lower than 150°. However, the contact
angle hysteresis must still be low, allowing a water droplet to slide
freely with a very low tilting angle [5].
SLIPS surfaces present many advantages: the liquid nature of
the coating provides the capacity of self-healing and SLIPS can
stand higher pressures and temperatures [5]; the liquid can be
selected to repel a wide variety of substances with surface tension
ranging from water to crude oil. These features make SLIPS surfaces
highly promising for corrosion protection and other application
fields [6].
Examples of SLIPS coatings created using a fluorinated phosphate ester surfactant (FS100, Chemguard, USA) and Krytox oil
can be found in the literature; however until now this system
has not been applied for anodized stainless steel [7–10]. Lee
et al. [11] created SLIPS on anodized stainless steel, but in this case
the oxide was decorated with Teflon before oil infusion. Here we
explore a direct SLIPS coating based on FS100/Krytox oil on anodized stainless steel and study its corrosion protection properties.

2. Material and methods
Stainless steel AISI 316L cut in 1  30  30 mm sized specimens
were used as substrates. The surface was ground up to 1200 SiC,
subsequently polished up to 1 mm diamond suspension and
cleaned by ultrasonication with acetone and ethanol. Anodization
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Fig. 1. a), b): SEM images of anodized stainless steel samples. c) to f): high resolution XPS spectra of samples decorated with FS-100 fluorinated molecule. Static contact
angles of g) bare polished stainless steel, h) anodized stainless steel decorated with fluorinated molecule and i) SLIPS sample infused with Krytox oil.

and then the mean value and the standard deviation was
calculated.
Corrosion experiments were performed in 0.1 M H2SO4 and
0.1 M NaCl electrolytes open-to-air (Zahner Zennium electrochemical Workstation). A three-electrode configuration was used with
the sample connected as the working electrode, a platinum electrode as a counter electrode and a Ag/AgCl 3 M reference electrode.
First, open circuit potential was measured for one hour. Then
potentiodynamic polarization was conducted with a 3 mV scanning rate, from
300 mV vs the OCP until 1.6 V in the anodic
direction.

was carried out in a two electrode cell with the sample as the
anode and a platinum electrode as the cathode. The electrolyte
consisted of ethylene glycol, 0.1 M NH4F and 0.2 M H2O, temperature was fixed at 20 °C and voltage to 90 V following the procedure
described previously [12]. After anodization, the samples were
annealed at 400 °C for one hour in air.
Superhydrophobic samples were created by immersion in 1 wt%
FS100 dissolved in a mixture of 95:5 v/v% ethanol/water solution at
70 °C for 30 min and subsequently thoroughly rinsed with ethanol
and dried with a nitrogen stream. SLIPS surfaces were fabricated by
spin coating putting one droplet of Krytox 103 oil in the center of
the superhydrophobic sample and rotating at 2000 rpm for 5 min.
Finally samples were placed in a vertical position for 24 h to
remove excess oil.
Surface morphology was characterized with scanning electron
microscopy (SEM, Hitachi s-4800). Surface composition was analyzed with X-ray photoelectron spectroscopy (XPS, PHI 5600, US),
and peak positions were calibrated with respect to the C 1 s peak
at 284.5 eV. For the FS-100 sample, charge correction was performed using the iron metallic peak from the bare stainless steel
sample after its charge correction with adventitious carbon.
Contact-angle (CA) measurements were performed by a
contact-angle measurement system (DSA100, Kruss, Germany) at
room temperature. The droplet volume was 10 lL, and the droplet
profile was fitted by a Drop Shape Analysis computer program provided by the manufacturer. Contact-angle hysteresis (CAH), was
measured by recording a video while increasing and decreasing
the droplet volume to determine the advancing and receding contact angles. All contact angle values were calculated in four spots

3. Results and discussion
The porous oxide layer achieved by anodization (Fig. 1) provides
a rough surface that after decoration with perfluorinated molecules allows achieving superhydrophobicity to retain the fluorinated oil (Table 1). Storage of the sample in a vertical position
for 24 h after the spin coating step confirms the stability of the
oil preventing it from running down. XPS high resolution spectra
in Fig. 1 confirm the presence of FS-100 covering the surface
[13,14].
Polarization curves of the different samples are shown in Fig. 2.
It is noteworthy that after removing the samples from the electrochemical cell, the samples were still dry. The polarization curves of
the bare substrate and the bare oxide show a similar behavior in
both electrolytes. The electrochemical behavior of the oxide layer
has
been
previously
reported
elsewhere
[12].
The

Table 1
Contact angle and contact angle hysteresis obtained in the as prepared samples and after corrosion experiments.
Superhydrophobic (Anodized + FS-100)
As prepared
0.1 M H2SO4
0.1 M NaCl

CA (°)

rCA (°)

CAH (°)

rCAH (°)

172,00
165,24
Video SI1

5.44
3.18
–

3.14
9.07
0.15

1.30
1.40
2.10

SLIPS (Anodized + FS-100 + Krytox 103 oil)
As prepared
0.1 M H2SO4
0.1 M NaCl

CA (°)

rCA (°)

CAH (°)

rCAH (°)

121,23
121,61
121,92

0.16
1.01
1.29

3.16
2.00
3.90

1.10
3.20
2.50

2
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Fig. 2. Polarization curves of bare stainless steel, bare anodized substrate, anodized substrate decorated with FS-100 molecule, and anodized surface decorated with FS-100
molecules and infused with Krytox oil (SLIPS) in a) 0.1 M H2SO4 and in b) 0.1 M NaCl.

In 0.1 M H2SO4 electrolyte, the SLIPS coating presented a greater
corrosion protection than the superhydrophobic sample, while in
the 0.1 M NaCl electrolyte, both samples behaved similar. The
SLIPS sample shows no changes in wettability by corrosion testing
demonstrating the self-healing properties of the liquid oil layer.

superhydrophobic and the SLIPS samples show a remarkable
decrease in the corrosion susceptibility in both electrolytes, due
to the air plastron formed on the surface and the oil layer, respectively, between the sample and the electrolyte.
In 0.1 M H2SO4, the superhydrophobic sample shows significantly decreased passive current densities and an enlarged passive
range, with delayed onset of oxygen evolution. The facts that after
polarization the CA is still > 150°, but the increased CAH (Table 1)
indicate a local damage of the surface, provoking a certain degree
of pinning of the droplet without completely losing its superhydrophobicity. The SLIPS shows even further reduced passive current densities, indicating a corrosion rate of approximately one
order of magnitude lower than for the superhydrophobic surface.
In 0.1 M NaCl, both coated samples present a similar behavior,
with excellent corrosion protection. The corrosion rate is at least
two orders of magnitude lower than the bare oxide with a marked
delay of the onset of pitting corrosion towards higher potentials.
The excellent superhydrophobicity of the FS-100 coated sample
did not allow measurement of the static contact angle even with
a higher droplet volume. A video of a water droplet being repelled
by the surface is presented in the supplementary information.
Interestingly, the superhydrophobic sample tested in the acidic
electrolyte (compared to the SLIPS sample) presents a polarization
curve with higher currents, while in the chloride containing electrolyte this is not the case. This may be related to the iron species
present in the oxide susceptible to dissolution in acidic environments in places were the fluorinated layer was locally damaged.
This might also indicate that the fluorinated FS-100 layer may be
more susceptible to damage in acidic environments.
The fact that the SLIPS samples present the same CA and CAH
before and after polarization is due to the self-healing properties
made possible by the liquid nature of the coating. This is not possible for the superhydrophobic samples, leading to an increase in
water pinning indicated by the higher contact angle hysteresis.
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A One-Pot Universal Approach to Fabricate LubricantInfused Slippery Surfaces on Solid Substrates
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Lena Fischer, Sannakaisa Virtanen, Wolfgang H. Goldmann, and Patrik Schmuki*
controls the dynamics of adhesion on wet
substrates such as mushroom spores and
living cells.[2] In industry, corrosion, which
is a pure surface phenomenon, occurs
almost in all circumstances, where waterbased liquids are in contact with solid material. The annual global cost of corrosion
alone is estimated to be 3.0 × 1012 USD,
which is equal to ≈3.4% of the global gross
domestic product of the developed world.[3]
Another vital example is the accumulation
of unwanted material on solid surfaces
that deteriorate their functionality named
fouling. The fouling materials consist of
either living organisms (i.e., biofouling) or
non-living inorganic and/or organic compounds (i.e., chemo-fouling). It is estimated
that ≈3.1 × 109 USD are annually spent to
remove biofouling invasion by clogging
pipelines in industrial plants, while the
control of fouling by water intake, piping
systems, and heat exchangers of desalinization membranes and power plants amounts
to ≈1.5 × 1010 USD annually.[4] Furthermore,
one of the most significant economic
impact of fouling affects the shipping
industry by substantially increased drag
on a ship’s hull resulting in the reduction of the overall hydrodynamic performance of the vessel and an enormous rise in fuel
consumption, that is, environmental pollution.[5]
Several strategies have been developed to combat fouling.
Inspired by the Lotus leaf architecture, superhydrophobic

Wetting is a surface phenomenon that commonly occurs in nature and
has an enormous influence on human life. Slippery liquid-infused porous
surfaces have recently been developed to support the growing demand for
anti-fouling coatings. While short-chain fluorinated compounds, commonly
used to reduce the surface energy of substrates, are banned due to environmental toxicity, silane-based compounds are expensive and barely scalable.
In this sense, silicone-based chemistry may match the gap as a real alternative. However, the grafting approaches demonstrated so far suffered from
either slow binding kinetics or are applied under harsh conditions. Here, it
is demonstrated that polydimethylsiloxanes graft to virtually any substrate
when illuminated by UV light serving simultaneously as a reducing surface
energy agent and infusing lubricant. This procedure is applied on metals,
metal oxides, and ceramics of various surface morphologies. The proposed
approach is simple, fast, scalable, environmentally friendly, and of low-cost,
yet forms stable lubricant-infused slippery surfaces by a one-pot process. Due
to the biocompatibility of silicone-based compounds, the process is examined
on plain medically applicable substrates such as scalpel blades and glass
lenses that display enhanced corrosion resistance, reduced friction through
incision, and repel blood staining and bacterial adhesion without deteriorating their mechanical and optical characteristics.

1. Introduction
Surface wettability is one of the most important properties for
various biological processes as well as in engineering and industrial applications.[1] For instance, in biology, wetting/dewetting
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surfaces (SHS) emerged as a potential solution to creating selfcleaning antifouling surfaces.[6] However, the “Achilles heel” of
such surfaces is their poor mechanical and pressure stability of
the hierarchical micro/nano-scaled surface topography that is
essential for obtaining very high water contact angles (WCA).[7]
Furthermore, the metastable nature of the plastron layer limits
SHS in their potential real-life application.[6,8] Despite substantial
efforts developing artificial SHS, their applications are still rare.[7b]
Slippery liquid-infused porous surfaces (SLIPS) have recently
been introduced as an alternative approach to conventional
SHS.[9] Inspired by the Nepenthes plant, the slippery surface
concept is based on the infusion of a porous substrate with a
lubricating fluid that has a strong chemical affinity to the underlying substrate creating a stable, inert, and extremely smooth
lubricant overlayer on the surface. This novel technology can
effectively repel aqueous and organic liquids, microorganisms,
insects, and ice, making it suitable for a wide range of applications.[10] The premise of slippery coatings is that a liquid surface
is intrinsically smooth and defect-free down to the molecular
scale thus reducing drag and the strength of adhesion of contaminants.[11] SLIPS function under high-pressure conditions,
provide self-healing of imperfections, show optical transparency, reduce ice nucleation, and are ultra-repellent to complex
fluids such as crude oil and brine[12] as well as repel highly contaminating biological media such as blood or biofilms during a
brief exposure.[9b,10a,b,d,e,g,h,11,13]
There are several approaches to fabricate liquid-infused
slippery surfaces. In general, SLIPS consists of three parts:
i) a structured rough substrate, ii) an appropriate low surface energy coating, and iii) a low-surface-tension fluid frequently called lubricant.[14] So far, a variety of materials such
as metals,[10g,12,13c,15] polymers,[10c,16] fabrics,[17] ceramics,[10h,18]
to name a few, have been structured to fit the nanometer-scale
roughness requirement.[19] However, only a few approaches
have been adopted to reduce the surface energy of these substrates, utilizing mostly hydrocarbon- or fluorinated chains
with silane-[10h,18a,20] or phosphate-based functional binding
groups.[10g,11,13c,d,19,21] However, silane-based molecules are
expensive and the process is complicated, thus making the
functionalization processes barely scalable. On the contrary,
short-chain perfluoroalkyl chemicals, which are unpretentious
in use with low surface tension values matching well the SLIPS
requirements, are subjected to the global regulation due to
their environmental and human toxicity issues.[22] In this sense,
non-fluorinated silicone-based materials are widely used in everyday life and a broad range of industrial applications including
medical technology, construction, automotive, food packaging,
and paper industry.[23] They are colorless, non-toxic, environmentally friendly,[24] and biocompatible,[25] have good thermal
stability and excellent water repellency due to the organic–
inorganic structure of siloxane molecules.[26]
Several approaches have been developed to graft silicones to
solids. Polydimethylsiloxanes (PDMS), the most common silicone material, is usually grafted thermally on oxide surfaces.[27]
However, thermal grafting is a harsh, time-consuming, and
expensive process not readily applicable to various materials.
Recently, it was demonstrated that methyl-terminated PDMS
can spontaneously bind to glass at room temperature, while the
dissociation kinetics is extremely slow to form a high-quality
coating (≈100 h).[26] Another approach is to use UV light in the
Adv. Funct. Mater. 2021, 2101090
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presence of a photocatalyst or crosslinker, which can be either
added to the PDMS mixture[18b] or applied on nanostructured
photocatalytic substrates such as TiO2 or ZnO.[28]
This study, however, proves that UV illumination can induce
photo-dissociation of specific bonds in PDMS molecules followed by their grafting to oxide surfaces in the absence of any
photo-responsive catalyst. We demonstrate a way to create
hydrophobic and lubricant-infused slippery surfaces by grafting
bare PDMS oil to non-photoactive solid substrates. Using UV
light, PDMS oil dissociates without the need of a photocatalyst,
then grafts to virtually any surface. In this way, the PDMS serves
both as i) reducing surface energy agent and ii) lubricating oil,
minimizing the interfacial energy between the solid substrate
and lubricant.[9b] The procedure is environmentally friendly,
easy to implement, fast, scalable, and extremely low-cost. Solid
surfaces such as ceramics (glass, quartz, and silicon wafers),
metals (Al, Cu, steel, Co, Mo), and their oxides of various
dimensions and morphologies from flat to rough, and porous
can be coated to form hydrophobic and lubricant-infused slippery surfaces in an one-pot process. Silicone oils of various
viscosities were applied to yield 5–12 nm thick high-quality UVgrafted coatings. The reaction kinetics is fast forming the slippery silicone layer within 15 min of illumination. The coated
surfaces exhibit excellent corrosion protection for metals,
repel complex liquids such as blood, reduce friction as well as
substantially improve resistance to bacterial attachment when
UV-grafted onto medically applicable substrates such as carbonand stainless steel as well as glass lenses without deteriorating
their mechanical and optical characteristics.

2. Results and Discussion
2.1. Physicochemical Characterization of UV-Grafted
PDMS Layers
Figure 1a shows the schematic representation of the UV-grafted
PDMS-infused slippery surface formation process. The coating
was first applied on bare Si wafers. The substrates were cleaned
ultrasonically in acetone and ethanol and then dried under
a stream of N2. These samples display the WCA of 48 ± 1°
(Figure 1b). The cleaned samples were then placed horizontally
on a Pyrex petri dish and a thin layer of silicone oil was dropped
on the substrates allowing it to spread over the entire sample surface. The samples were illuminated by UV light at various time
points from 5 to 60 min resulting in the formation of PDMSinfused slippery surfaces. To study the UV-grafted PDMS layers,
the remnant oil was removed by an extensive rinse in toluene,[28a]
followed by a wash in ethanol, and dried under a stream of N2.
Since silicone oil is a sticky substance, the remnant oil, as well
as unbound molecules, should be properly washed away. The
stains of excessive oil can easily be observed on flat Si and Si/
SiO2 wafers by the appearance of a thin-film interference pattern
(Figure S1, Supporting Information), while on the other samples,
that is, polished metals and transparent glasses, cannot be easily
detected. The UV-grafting reaction yields a 6–9 nm thick coating
as a function of UV illumination time on a flat Si wafer by ellipsometry measurements using 500 cSt PDMS oil (Figure 1c). As
shown, the plain Si wafer is hydrophilic due to the native oxide
with a thickness of ≈1.82 ± 0.03 nm correlating well with the
© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. a) Schematic representation of the PDMS grafting procedure to form PDMS-infused slippery surfaces. b) The WCA of a bare silicon wafer (left
image), and WCA and CAH of PDMS grafted Si wafer (the glow around the water drop in the right image represents the CAH obtained by the overlap
between advancing and receding WCA images at 50% transparency). c) The PDMS layer thickness and corresponding WCA (red line) and CAH (red
bars) values as a function of time of UV light illumination grafted on Si wafer. Insets: images of the actual water drop shape on the UV-grafted Si water.
d) EDX analysis of UV-grafted PDMS on polished stainless steel substrates as a function of UV light illumination time. e) The WCA of bare (top row),
PDMS-grafted (bottom row), and corresponding SEM images (middle row) of metallic substrates (from left to right): polished Al and Cu, bare Mo and
Co, and polished stainless steel. f) The WCA and corresponding SEM images of PDMS UV-grafted oxide surfaces (from left to right): 100-nm-thick
SiO2 layer on Si wafer, quartz, pseudoboehmite alumina (AlOx), FTO, highly ordered TiO2 nanotubes (TiO2 NTs), and sponge-like anodized 316L grade
stainless steel (StStOx). The scale bar in (e,f) for all HR-SEM images is 100 nm. g) WCA was measured before and after UV grafting of PDMS on the
samples shown in (e,f), and h) WCA and layer thickness measured by ellipsometry of grafted PDMS layers on Si wafer with increased PDMS oil viscosity.

literature.[29] Once UV-grafted and rinsed in toluene, Si wafers
turn hydrophobic displaying the WCA of 106 ± 1° and a contact angle hysteresis (CAH) of ≈10° after only 5 min of UV light
irradiation (Figure 1b). Between 5 and 60 min of the illumination, WCA does not change significantly, while CAH is slightly
decreasing (Figure 1c). The WCA values achieved in this study
are in agreement with reported values on flat substrates.[27d] The
overall thickness of the grafted PDMS layer increases steadily up
to 30 min of illumination then remains constant well within the
standard deviation. This trend was also confirmed by EDX measurements (Figure 1d and Table S1, Supporting Information). The
latter results may be attributed to the higher order (formation
of a denser layer) of the grafted PDMS molecules rather than to
the linear growth of attached molecules as previously shown by
water-assisted PDMS-grafting.[26]
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The PDMS grafting procedure can be applied virtually to
any material. Here, we examined the following substrates:
i) plain Si, and ii) Si wafer covered by 100-nm-thick SiO2 layer,
iii) 1-mm-thick standard microscope glass slides, 0.4-mm-thick
borosilicate glass coverslips, and fluorine-doped tin oxide (FTO)
conductive glass, and quartz, iv) bare Co, v) Mo foils, vi) polished Al, and Cu, vii) vertically aligned highly ordered anodized
TiO2 nanotubular arrays (TiO2 NTs),[30] and viii) anodized 316L
grade stainless steel with sponge-like nanoporous structure
(Figure S2, Supporting Information). The WCA measured on
flat and rough substrates was hydrophilic for all plain samples
(Figure 1e,f). The grafted samples show the WCA as a function
of the surface roughness (Figure 1g). All flat grafted samples
demonstrate a WCA in the range of 110 ± 4°, while rough substrates display 115 ± 3°, 140 ± 1°, 147 ± 3°, and 148 ± 3° for FTO,

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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TiO2 NTs, pseudoboehmite aluminum oxide, and anodized
stainless steel, respectively.
The influence of PDMS oil with increased viscosity on the wetting characteristics of the UV-grafted surfaces was studied on flat
Si substrates. The overall thickness of the grafted PDMS layer
increases with a rise in PDMS oil viscosity from 5.5 ± 0.2 nm
for 100 cSt (Mw = 6.0 kDa) oil to 7.4 ± 0.1 nm and 11.3 ± 0.9 nm
for 500 cSt (Mw = 17.3 kDa) and 1000 cSt (Mw = 28 kDa), respectively. However, only a minor increase in WCA with an increase
in oil viscosity was observed (Figure 1h). However, the obtained
UV-grafted PDMS layer thicknesses differ substantially from
the water-assisted and photo-catalytically grafted procedures. For
instance, Liu et al. demonstrated that UV-grafted PDMS on photocatalytic TiO2 layer, the thicknesses of 2.2, 4.0, and 5.5 nm were
obtained for 6.0, 17.3, and 28 kDa PDMS oils, respectively.[31] The
grafted PDMS layer thickness was then displayed versus molecular weight using a log-log plot. A straight line with a slope of
H = 0.43 ± 0.14 was obtained (Figure S3, Supporting Information).
The grafting density can be calculated by σ = (HρNA)/Mw, where
ρ is the bulk density of polymer and NA is Avogadro’s number.[31]
Grafting densities of 5.3, 2.5, and 2.3 × 1017 molecules per m2
were obtained for 6.0, 17.3, and 28 kDa PDMS, respectively. These
results correlate with the literature indicating that the higher Mw
PDMS molecules occupy a larger area, thus increase the barrier
for the next arriving molecule and, by that, reducing the grafting
density. Nevertheless, the grafting density obtained in this study
is doubled compared to thermal PDMS-grafting,[27d] and to that
obtained on photocatalytic TiO2 substrates.[28a] The latter can be
attributed to the non-specific dissociation of PDMS molecules
occurring on the photocatalytic substrates, while in absence of
photoactive material, this probability diminishes.
Several studies evaluated the photo-dissociation of silicon
elastomers.[32] In these cases, however, UV light with λ < 254 nm
was utilized to prepare a permeable SiO2 layer on cross-linked
polysiloxanes, while we are interested in the induction of selective grafting processes. To address this issue, we performed density functional theory (DFT) calculations on a PDMS truncated
model molecule Me3SiOSiMe2OSiMe3 (Table 1). Bonddissociation enthalpies for breaking the molecule at different
positions into two fragments were calculated as a measure of
probability for a dissociation process. According to calculations,
the dissociation enthalpy for SiMe bonds is the smallest, and
thus these bonds are generally weaker and more likely to break.
UV light λ < 321 nm (UVB) is required for photo-dissociation.
The SiO bonds are the strongest, and, therefore, harder and
less expected to break, while stronger UV light λ < 214 nm (UVC)
is required in this case (Table 1). Consequently, in the case of
selective grafting using mild UV light, PDMS oil is expected to
be activated at SiMe bonds being grafted to surfaces via silicon.
The typical spectrum of the medium pressure UV lamp used in
this study is shown in Figure S4, Supporting Information. As
shown, the highest intensity peaks are observed at λ = 320 and
370 nm indicating that the lamp provides a sufficient amount of
energy at λ = 321 nm to dissociate SiMe bonds.
To study the chemical composition as well as surface coverage
of UV-grafted PDMS layers, angle-resolved X-ray photoelectron
(XPS) spectroscopy analysis was performed at angles of 15,
45, and 75°, namely to control the detection depth in a sample
by changing the sample’s tilt angle. PDMS oils of 100, 500,
Adv. Funct. Mater. 2021, 2101090
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Table 1. Calculated bond dissociation energies and corresponding wavelengths required for dissociation of a Si3-truncated model of PDMS
(silicone oil) at given locations. Theory level: DFT/M062X/def2-TZVP,
zero-point, and thermal energy corrections have been applied.

Molecular structures with bonds to be dissociated

Bond
The
dissociation appropriate
enthalpy
wavelength
DH0298, for dissociation,
[kcal mol−1]
[nm]
133.5

214

138.5

207

89.0

321

90.4

317

96.5

296

and 1000 cSt viscosity have been grafted on polished 316L
grade stainless steel substrates, and the typical high-resolution
XPS spectra are shown in Figure 2a–d and (Figure S5a,b, Supporting Information). An austenitic stainless steel alloy was
measured as a reference showing the typical Fe, Cr, Ni, Mo, O,
and C peaks (Figure S6a,b, Supporting Information).[33] When
UV-grafted, the survey XPS spectra consist of Si, O, and C
peaks associated with PDMS, while the Fe 2p peak arising from
© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. High-resolution angle-resolved XPS spectra of UV-grafted 100 cSt PDMS oil on polished stainless steel substrates: a) Si 2p, b) O 1s, c) C 1s,
and d) Fe 2p. e) XPS depth profile of Si and Fe UV-grafted PDMS oil of various viscosities on polished stainless steel substrates. f) ToF-SIMS depth
profile of secondary ions derived from 100 cSt PDMS oil UV-grafted on polished stainless steel. The y-axis is in logarithmic scale.

the substrate is barely noticeable (Figure S6a, Supporting Information). Still, the Fe 2p peak is clearly shown in the high-resolution XPS spectrum measured at 75° angle, and it completely
disappears at 15° angle confirming that the PDMS grafted layer
covers the substrate entirely (Figure 2d). The high-resolution
Si 2p XPS spectrum consists of a single peak at the binding
energy of 102.2 eV (Figure 2a), which can be deconvoluted into
two components: at 102.2 eV (35%) and 102.8 eV (65%) corresponding to SiC and SiO bonds, respectively (Figure S7a,

Adv. Funct. Mater. 2021, 2101090
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Supporting Information).[34] In the case of the O 1s spectra, the
main peak centered at 532.6 eV, and a shoulder at 530.5 eV is
clearly visible. This shoulder is highest at 75° angle (Figure 2b,
red spectrum), and disappears at angle of 15° (Figure 2b, blue
spectrum). Further deconvolution of the O 1s peak at 75° angle
of the 100 cSt UV-grafted PDMS, leads to three components:
at 532.6 eV (83.5%) corresponding to the SiOSi bond,[35]
and 531.1 eV (2.1%), and 530.3 eV (14.4%) corresponding to
MeOSi and MeOMe bonds, respectively, where Me

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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represents Fe, Ni, or Cr, that is, main components of the
substrate (Figure S7c, Supporting Information).[28a] When
measured at a 15° angle, only two components are observed:
532.6 eV (98.1%) and 530.3 eV (1.9%) assigned for SiOSi
and MeOMe bonds, respectively, that is, the peak attributed
to MeOSi disappears (Figure S7d, Supporting Information). The latter results indicate again a complete coverage of
the surface by the grafted PDMS molecules. A similar tendency
was also observed for the higher molecular weight PDMS UVgrafted to stainless steel substrates, whilst the MeOMe peak
was barely noticeable even at 75° angle (Figure S5, Supporting
Information). The C 1s spectra display a single peak at 285.0 eV,
which is associated with SiC bonds in PDMS oil (Figure 2c,
and Figure S6a, Supporting information).[36] Furthermore, the
Si and Fe XPS sputter profiles of UV-grafted PDMS oil of various viscosities demonstrate that the thickness of the grafted
PDMS layers increases with oil viscosity (Figure 2e), correlating
well with ellipsometric measurements (Figure 1h).
Time of flight secondary ion mass spectrometry (ToF-SIMS)
analysis was performed for the UV-grafted PDMS layers deposited on AISI 316L grade stainless steel substrates, and the
results are summarized in Figure 2f and Figure S8, Supporting
Information. The positive and negative spectra confirm the coverage of the surface by PDMS layer, as typical mass peaks are
observed for PDMS,[36] for example, with positive polarity +43,
+73, +147, +207 amu (Figure S8a,b, Supporting Information). A
difference in the Si+, O−, Si− mass fragment intensities is also
observed for the UV-grafted PDMS layers with different viscosities (Figure S8c, Supporting Information).
To further investigate the UV-grafted PDMS layer, negative
depth profile obtained by ToF-SIMS analysis of the UV-grafted
100 cSt PDMS oil for selected representative fragments (C−, O−,
Si−, Ni−, and Fe− signals) is presented in Figure 2f. The depth
profile is listed as signal intensity for the sputtering time, since
converting the sputtering time of ToF-SIMS into depth is difficult as the sputtering rate depends on the material; thus the
sputtering time serves as a qualitative measure of depth.[37] The
interface between the PDMS layer and the substrate is reached
at ≈140 s, as after this time the increasing intensity of the Fe−
and Ni− signals reaches a plateau, that is, sputtering of the
substrate sample. The Si− signal is representative of the PDMS
layer, and the intensity of Si− initially increases during the first
40 s, then decreases continuously till 140 s of sputtering, and
a steady-state value is reached (Si is present in the austenitic
grade steels as impurity). The intensity of O− and C− is more
complex as the concentration of O− initially increases for 60 s of
sputtering, and then decreases continuously (due to the native
oxide layer), while for C− it decreases for 40 s and then starts
increasing (a bump at 120 s of sputtering) and, finally, reaches
a steady condition at 300 s. The latter may be explained by the
presence of carbon in the austenitic grade stainless steel substrate. The initial low intensities of Fe− and Ni− corroborate the
high coverage of the solid substrate by the UV-grafted PDMS
layer. In particular, the variance in the intensities of C−, O−, and
Si− signals can point to the preferential orientation of the low viscosity UV-grafted PDMS molecules on the solid substrate, while
the top trimethylsiloxane group is initially removed exposing O
and Si atoms. Our XPS and Tof-SIMS analysis confirm the formation of the UV-grafted PDMS layers; yet, further research is
Adv. Funct. Mater. 2021, 2101090
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required to investigate the detailed structure and orientation of
the PDMS UV-grafted layers of various molecular weights.
2.2. Corrosion Resistance of UV-Grafted PDMS on Metallic
Substrates
Corrosion is a natural process of metal deterioration, driven by
its reaction to the surrounding environment, and is the main
reason for the failure of metal structures. The need to minimize
the damage caused by corrosion is particularly evident when
it comes to engineering materials such as Al, Cu, and various
grades of steel. It was previously demonstrated that hydrophobic
fluorinated surfactants can form a strong and stable covalent
bond with the native or anodized oxide layers forming a selfassembly monolayer coating to reduce surface wettability and,
thereby, inhibiting the corrosion of the protected metal.[38] However, due to environmental issues, the use of such fluorinated
surfactants is now limited; therefore, alternative materials and
methods should be developed. In this sense, the hydrophobic
PDMS coating can protect metallic substrates against corrosive
media, being non-toxic to the surrounding environment.
As an example, we evaluated the corrosion resistance of
plain, UV-grafted, and PDMS-infused flat Al substrates by dropping 1 m NaOH aqueous solution on their surfaces. The plain
and UV-grafted samples react almost immediately with the
corrosive solution, while the PDMS-infused sample displays
a ≈10 min delay in the corrosion initiation being comparable
with the thermally grafted PDMS layers.[27d] After that time, H2
bubbles corresponding to H+ cathodic reduction appear also on
the PDMS-grafted sample, yet the etching solution preserves its
drop shape restricting the fast spreading of the corrosive media
over the entire sample surface (Figure S9a, Supporting Information). After 15 min, the corroded area fraction was calculated
and found to be 96%, 43%, and 18% for the plain, UV-grafted,
and PDMS-infused Al, respectively (Figure S9b, Supporting
Information). Such a facile dropping test demonstrates not only
a delay in corrosion initiation of the PDMS-infused samples
but also limits the spreading of the corrosive medium on the
PDMS-infused surface indicating robust corrosion resistance.
As a next step, we performed standard potentiodynamic
polarization measurements for Al, Cu, and AISI 316L grade
stainless steel. Potentiodynamic polarization curves in Figure 3
display the corrosion behavior in a standard 3.5 wt% NaCl electrolyte solution. The corrosion susceptibility decreases when stainless steel, Al, and Cu substrates are UV-grafted with PDMS oil.
Stainless steel and Al show a passive behavior until the onset of
pitting corrosion, which is increased toward higher potentials
after the surface grafting. Cu shows active dissolution starting
with an activation-controlled region followed by a diffusion-controlled plateau with higher current densities. The corrosion potential of the three materials is increased, while the corrosion current
is at least one order of magnitude lower in the case of stainless
steel and Cu. On the other hand, Al shows the presence of metastable pitting until the onset of pitting corrosion is reached.
The effect of UV-grafted PDMS layer on the corrosion of
metal substrates was quantified by the potentiodynamic polarization measurements. The corrosion current densities (Icorr) were
estimated using Tafel plots, and the results are summarized in
© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Potentiodynamic polarization curves in 3.5 wt% NaCl electrolyte of a) polished bare (PSS, black), PDMS UV-grafted (red), and PDMS-infused
(blue) 316L-grade stainless steel, b) anodized bare (black line), anodized PDMS UV-grafted (green) and anodized PDMS-infused (magenta) 316L-grade
stainless steel, c) polished bare (black), PDMS UV-grafted (red), and PDMS-infused (green) Al, and d) polished bare (black), PDMS UV-grafted (red),
and PDMS-infused Cu. Inset images show WCA on the bare and UV-grafted samples used for the corrosion experiments. Inset in (b): digital image
of the as-anodized stainless steel sample after potentiodynamic polarization experiment. The bright whitish pits indicate localized dissolution of the
anodized oxide layer exposing the underlying metallic substrate. The scale bar of the inset image is 1 cm.

Figure 3 and Table S2, Supporting Information. The corrosion
current density of the UV-grafted steel is one order of magnitude lower than that of bare steel (Figure 3a). This indicates
that the grafting of PDMS coating suppresses the corrosion
of stainless steel with a corrosion inhibition efficiency (IE) of
96.8%. Lubricant-infused slippery samples fabricated by grafting
a PDMS layer and without removing the remnant oil showed
an even higher corrosion resistance. The noisy signal near the
open circuit potential (OCP) in both, cathodic and anodic range,
is given by the low current density, with values near the equipment scale limit. The passive current density values are similar
to the UV-grafted substrate. Also, when a potential near the
pitting potential of the bare substrate is reached, current spikes
start to appear until the onset of pitting corrosion at circa 1.0 V.
The fact that these spikes reach such high current values indicate that localized events similar to metastable pitting corrosion
could take place, but in this case, instead of re-passivation, a selfhealing effect of the liquid coating occurs covering these sites,
hence lowering the current until a new location is attacked.
Potentiodynamic polarization of bare anodized stainless steel
in the chloride-containing electrolyte shows a higher Icorr, a
Adv. Funct. Mater. 2021, 2101090
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lower Ecorr, and a shorter passivation range due to the onset of
pitting corrosion when compared to the bare stainless steel substrate (Figure 3b and Table S2, Supporting Information). Pitting
corrosion was also evident by the localized dissolution of the
anodized oxide layer, while the underlying metallic substrate
could be observed (Figure 3b, inset). Corrosion behavior of anodized stainless steel substrates has been previously reported.[39]
However, the anodized and UV-grafted substrate presented a
strong decrease in both Icorr and Ecorr. When the anodized stainless steel samples were further infused by PDMS lubricant, an
additional order of magnitude decrease of the corrosion current
density is observed in comparison to the anodized UV-grafted
steel (Figure 3b). Thus, both PDMS coated samples demonstrate almost 100% corrosion IE compared to the bare anodized
stainless steel substrate. Furthermore, the passivation range
was once again increased, proving that the grafted PDMS layer
and the infused coating highly decrease the susceptibility to pitting corrosion. A similar trend was also observed in medicalgrade instruments made of martensitic stainless and carbon
steel, which is prone to corrode in saline solutions. As we
show below, the corrosion resistance of the UV-grafted carbon
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grade steel blades improves substantially, while its plain analog
corrodes almost immediately, when both were exposed to the
corrosive bacteria culture medium consisting of 0.1 wt% NaCl.
Finally, we examined corrosion resistance of Al and Cu,
widely used in industrial applications metals, which are prone
to corrode when exposed to corrosive chemicals. The Cu substrate UV-grafted with PDMS oil demonstrated a corrosion IE of
94.8%, while the corrosion current of the Al UV-grafted sample
was at the same level as the bare Al substrate. When infused
with silicone oil, the same samples show 98.1% and 99.9%
corrosion IE for Al and Cu, respectively. Here, the addition of
silicone lubricant forms a homogeneous thin layer on the UVgrafted PDMS layer due to the matching surface energies that
serves as a passivation layer inhibiting direct contact between
the corrosive media and the solid substrate. As shown, the
coating process can be efficiently applied on various plain metal
surfaces without porous structuring or other pre-treatments.
However, as demonstrated by potentiodynamic diagrams, the
porous PDMS-infused surfaces demonstrate an additional
enhancement in the corrosion resistance, while micro/nanostructuring of the substrate certainly compromises its mechanical characteristics. Therefore, the compromise between surface
structuring of the metal surface, that is, mechanical properties,
and its corrosion resistance characteristics should be considered depending on the metal application requests.
2.3. PDMS UV-Grafted Process Applied on Medically
Applicable Surfaces
Several materials are commonly used in medical devices,
among them steel and glass, both of which often suffer from
chemical and biological fouling. The process of biofouling is
complex, but it starts with spontaneous non-specific adsorption
of organic molecules on the surface followed by colonization
of micro-organisms.[40] We[10g,11] and others[10a,27d] have recently
demonstrated that SLIPS effectively repel adhesion of Grampositive and Gram-negative bacteria such as Escherichia coli,
Staphylococcus aureus, and Pseudomonas aeruginosa, which are of
considerable medical importance due to their ubiquitous presence and multiple drug-resistance in humans. However, chemicals that are used to lower surface energy of solid substrates as
well as lubricants, are commonly fluorinated compounds, while
toxicity and relatively high-cost issues limit their application in
the biomedical field.
The PDMS-based materials are promising candidates for
practical anti-biofouling applications. PDMS is a low surface
energy material that can be applied as a non-toxic alternative
to antimicrobial, that is, antibiotic-based coatings, lowering
the adhesion force acting between fouling organisms and the
coating surface because of its low surface energy and small
modulus.[24] However, PDMS grafting processes that have been
presented so far suffer from either slow binding kinetics, that is,
from several hours to days, or the application of harsh grafting
conditions such as high-temperature thermal treatments. Therefore, a simple, rapid, low-cost, and robust process to modify the
surface of medical devices of biocompatible material to reduce
chemo- and biofouling without compromising their mechanical characteristics is of vital importance. Here, we performed
Adv. Funct. Mater. 2021, 2101090
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several tests to modify medically related substrates such as steel
scalpel blades and glass lenses to verify their passive anti-biofouling resistance due to the UV-grafted PDMS coating.
2.3.1. Blood-Repellent Properties of UV-Grafted PDMS Layers
on Surgical Devices
Surgical blades can be manufactured from either carbon- or
martensitic stainless steel (MSS), both of which have to comply
with the requirements of BS 2982:1992 or BS EN ISO 7153
Part 1 standards that specify hardness and material composition.[41] This is to make sure that the blades are fairly corrosionresistant, have a high degree of strength, shock-resistant, and
in some particular cases are non-magnetic. Here, carbon steel
blades offer a better combination of initial sharpness and durability, while at the same time they rust almost immediately
when coming into contact with saline solutions (Figure S10,
Supporting Information).[42] Therefore, we examined the influence of UV-grafted PDMS coating in both “as-grafted” and
lubricant-infused configurations on the corrosion resistance
blade grades using the potentiodynamic polarization technique.
Potentiodynamic polarization of plain carbon- (CS) and MSS
scalpel blades, UV-grafted with PDMS oil and PDMS-infused
show a clear decrease of corrosion susceptibility (Figure 4a,b
and Table S3, Supporting Information). The carbon steel blade
presents a higher corrosion potential and a decrease in corrosion current with a 69.5% corrosion IE in the case of CS blades
grafted and further infused with PDMS oil. Furthermore, the
onset of active dissolution is delayed toward higher potentials.
The corrosion resistance of MSS blades is improved even further by the PDMS coatings. This could indicate a higher quality
of the coating due to the hydroxide reach layer on the surface of
the native passive oxide, which has more hydroxide bonds available to react with the PDMS molecules. MSS blades grafted
with PDMS oil showed a 98.8% corrosion IE, whilst with MSS
blades (grafted and infused) not only the corrosion potential
of the blade is lower, but also the current density in the passive region, hence generating a noisy signal of 10−9 A cm−2.
Additionally, a significant delay in pitting corrosion onset is
observed.
In invasive medical procedures, the scalpel blade surface
experiences significant friction made through the skin and
subcutaneous tissue incision. At the same time, these instruments are exposed to pathogens on the patient’s skin and
blood, potentially leading to infection.[10g] Therefore, the performance of the UV-grafted PDMS coating was evaluated first
by making an incision with the treated blades into viscoelastic
silicone rubber slabs of various softness and stickiness PDMS
(base/curing agent ratios of 30:1, 20:1, and 10:1, SYLGARD 184)
chosen to mimic skin tissues.[10g] This was followed by submersion into whole blood and medium containing E. coli and
S. aureus.
In controls, that is, untreated scalpel, the softest slab (30:1)
stuck to the scalpel surface and moves along the direction of the
cut creating an uneven incision in both scalpel types (Figure 4c,
top row). For the hardest slab (10:1), it was very difficult to cut
through it because of the high friction. In all cases, incisions produced by untreated scalpels tend to have non-uniform cuts and
© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a,b) Potentiodynamic polarization of medical scalpel blade steel in 3.5 wt% NaCl electrolyte of bare, PDMS UV-grafted, and PDMS-infused
made of a) MSS and b) carbon steel (CS). c,d) Optical microscope cross-sectional images of incisions produced on 1-cm-thick, sliced PDMS slabs with
increased softness and stickiness (base/curing agent ratio, indicated) by untreated (top row), UV-grafted PDMS (middle row), and lubricant-infused
slippery (bottom row) scalpel blades made of (c) carbon and (d) MSS. e,f) Digital still images and UV–Vis absorbance spectra of blood that adheres
to the scalpel surface are shown in (a,b) after washing in PBS. g–i) Still digital images of bare, PDMS UV-grafted, and PDMS-infused double-convex
glass lenses g) before, h) immediately after dropping, and after i) 40 s of exposure to 500 µL fresh blood. j) Digital images of the lenses are shown
in (g–i) after tilting by 90° to remove blood from the lens surface. k) Coverage area fraction of bloodstains on glass lenses calculated for each lens in
as-dropped (h) and after tilting by 90° (j) states.

fractures due to the stick-slip-like, jerking motion as observed by
the appearance of perpendicular lines periodical to the scalpel
motion. In contrast, the UV-grafted and PDMS-infused blades
produced nearly identical incisions on all slabs (Figure 4c,d,
middle, and bottom rows), which are as smooth as the scalpel
blade edge roughness (Figure S11, Supporting Information).
When medical devices come into contact with blood, the
interaction poses a threat of undesired activation of blood cells
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(platelets and monocyte/macrophages of the immune system)
or other bioactive blood components (complements of coagulation cascades) potentially leading to the formation of blood clots,
or thrombi, inflammation, or a more widespread, prolonged
activation of the immune system.[7a] Therefore, after the incision experiments, treated and control scalpels of both grades
were submerged in a cuvette with fresh blood (Figure 4e–f
and Movies S1–S3, Supporting Information). After 10 s of
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submersion, the scalpels were withdrawn from the cuvette with
blood and washed in a cuvette filled with 4 mL of phosphate
buffer saline (PBS). The amount of adherent blood to UVgrafted and PDMS-infused scalpels was substantially lower as
indicated by the color of the cuvette filled with PBS and by UV–
Vis spectroscopy (Figure 4e,f). The bare scalpels demonstrate
a significant amount of attached blood in both cases as shown
by the remaining blood on its surface and the pinned buffer
film after the wash in PBS (see Movie S1, Supporting Information). The PDMS-infused scalpels display substantial reduction
or even the absence of the peaks associated with hemoglobin
(Figure 4e,f, blue spectra, and Movie S3, Supporting Information).[43] The superior blood repellent performance is attributed
again to the existence of a stable liquid–liquid interface, formed
between the low-surface-tension liquid and the blood, which
is contrasted by the easily contaminated solid surface present
of bare scalpels. The latter result is in good agreement with
previously reported blood-repellent properties of SLIPS under
static or flow conditions,[9b,10d,g] but this important anti-fouling
characteristic can now also be applied on a bare non-porous
substrate without compromising mechanical characteristics of
bulk material. It should be, however, emphasized that even UVgrafted PDMS scalpel of both steel grades sustained their repellent characteristics after submersion in blood, demonstrating a
decrease in adhesive blood (Figure 4e,f, black and red spectra,
and Movie S2, Supporting Information).
Over the years, the field of optical instrumentation in biomedical applications has evolved due to the constantly growing
demand for minimally invasive surgical procedures such as
laparoscopy and diagnostic measurements such as endoscopy. While laparoscopic cholecystectomy rapidly became the
standard of care for cholelithiasis after 1988, the use of minimally invasive techniques for other abdominal operations is
yet limited.[44] Several inherent pitfalls of laparoscopy hinder
the performance of these operations, including the limited
motion of straight laparoscopic instruments, the narrow field
of view, and poor visibility due to bleeding.[45] Surgical laparoscopes used for minimally invasive procedures consist of
hollow tubes made of high-quality stainless steel that gradually
developed to include fixed glass lenses for magnified vision.[46]
Modern scopes are designed with multiple parts including a
CCD camera, viewing, and energy-supply devices, and a lens
cleaner to mechanically wipe off blood to improve the field of
view. Several attempts have been made to create glass surfaces
slippery, while in all these cases the surface was first roughened
by micro/nano structures.[10h,18a] The latter, however, alternates
dramatically the mechanical characteristics of the prepared
slippery liquid-infused glass substrates. Once damaged due to
the mechanical abrasion, which frequently occurs during the
surgery, it would lose slipperiness further altering its bloodrepellent characteristics.[10h] Therefore, considering that the
structuring process is rather complicated and the mechanical
robustness is weak, both these factors limit the future application of slippery liquid-infused porous glass surfaces in real
devices.
As demonstrated above, various grades of steel can be UVgrafted by silicone oil, which prevents blood adhesion as well
as making incisions smoother. The wetting characteristics
were preserved on both structured and flat substrates without
Adv. Funct. Mater. 2021, 2101090
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deteriorating the mechanical characteristics. We applied therefore our PDMS UV-grafting procedure on the second functional
component of the laparoscope that interacts with human tissue,
that is, magnifying glass lenses to improve the field of view in a
passive form, that is, without application of any external stimuli
or energy (Figure 4g–k). Figure 4g shows bare (left lens),
PDMS UV-grafted (middle lens), and PDMS-infused (right
lens) lenses of comparable transparency. However, the wetting characteristics of bare, and UV-grafted or PDMS-infused
lenses differ substantially (see Movie S4, Supporting Information). Fresh blood (500 µL) was added dropwise on every lens.
An increased amount of blood finally led to the percolation of
individual droplets covering ≈27% of the bare hydrophilic lens
surface (Figure 4h,i, left lens). At the same time, UV-grafted
and PDMS-infused samples, which are hydrophobic, prevent
percolation of blood droplets, which cover only ≈14% of the
lens surface in both cases (Figure 4h, middle and right lenses).
Nevertheless, there is a substantial difference also between
the UV-grafted and PDMS-infused lenses. On the UV-grafted
lens, blood remains static independently of the lens curvature
(Figure 4i, middle lens), while it immediately slides off on the
PDMS-infused lens. The sliding velocity depends on the curvature, as it takes ≈40 s for the droplets to slide off completely
from the top of the lens leaving behind a completely clear field
of view (Figure 4j). Afterward, the lenses were tilted vertically to
remove the blood, and the covered area fraction was calculated
and found 35%, 3.58%, and 0.46% for the bare, UV-grafted,
and PDMS-infused lenses, respectively (Figure 4k). The latter
indicates that such a facile treatment of laparoscope functional
surfaces can significantly improve its field of view without the
image distortion as well as keeping its mechanical characteristics. Furthermore, the device can be mechanically wiped and
chemically cleaned after the medical treatments, then re-grafted
using the same procedure by simultaneously sterilizing it by
intense UV-light illumination.
2.3.2. Anti-Bacterial Properties of UV-Grafted PDMS Layers
on Surgical Devices
The second issue that should be considered in biomedical
applications is the existence of various types of bacteria on the
human skin. It is well-known that surgical site infections (SSIs)
are among the most common healthcare-associated infections,
which are associated with longer postoperative hospital stays,
additional surgical procedures, treatment in intensive care,
and higher mortality. The percentage of SSIs can vary from 0.5
to 10%, depending on the type of surgical procedure, while a
statistically significant increasing trend was observed for both
the percentage of SSIs and the incidence density of in-hospital
SSIs following laparoscopic cholecystectomy in recent years.[47]
Here, we examined the process of bacterial adhesion on steel
substrates. To demonstrate the antibacterial characteristics of
the UV-grafted surfaces, E. coli (Gram-negative) and S. aureus
(Gram-positive) bacteria were cultured on bare, polished, UVgrafted, and PDMS-infused substrates as well as on anodized
porous PDMS-infused steel substrates. These two types of bacteria are frequently found on human skin. All the substrates
had a flat morphology without pores or textured structures
© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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except the anodized ones. Initially, the samples were sterilized
in a 70 vol% ethanol solution and then incubated in bacterial
solutions to analyze bacterial attachment. After 24 h, the samples were withdrawn from the growing bacterial solution, gently

washed with DI water then stained by crystal violate dye.[48] The
results are presented in Figure 5a–l. The surface coverage was
calculated using bright-field microscopy in reflectance mode as
shown in Figure 5a–j and backed up by confocal fluorescence

Figure 5. Bright-field reflectance images of a–e) E. coli and f–j) S. aureus adhering to austenitic stainless steel substrates with the following modifications: a,g) bare “as-received”, b,h) bare polished, c,i) polished UV-grafted, d,j) polished lubricant-infused, and e,k) polished-anodized, and lubricantinfused. k,l) Surface coverage area fraction calculated from the optical microscope images for all samples. Triplets were used for statistical analysis and
at least two independent images were imaged of every sample. m,n) Colony-forming unit counts for bare, UV-grafted, and PDMS-infused scalpel blades
after dipping in a tryptic soy broth medium containing E. coli or S. aureus followed by extensive rinsing. Insets in (m,n) are representative images of the
agar Petri dishes with incisions made by the bare, UV-grafted, and lubricant-infused scalpel blades. Scalpel blades (1–3) were used for every treatment,
while the incision (4) was made by sterilized in 70 vol% ethanol solution scalpel blades.
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microscopy and SEM imaging (Figures S12 and S13, Supporting
Information). As shown, both bacteria biofilms are formed on
bare and polished steel substrates resulting in purple color
over their entire surface due to crystal violet staining. The
surface coverage of the bare hydrophilic steel substrates was
estimated as 80 ± 5% and 78 ± 8% for E. coli and S. aureus biofilms, respectively; on the polished steel samples it was reduced
to 64 ± 16% for E. coli (p = 0.082) and 49 ± 17% for S. aureus
(p = 0.030) biofilm coverage (Figure 5a,b,f,g). According to the
SEM images, the formed biofilms consist mainly of a single
layer of bacteria (Figure S13a,c, Supporting Information). The
UV-grafted PDMS samples already revealed a significant reduction in the biofilm surface coverage displaying 22 ± 13% and
17 ± 5% for E. coli and S. aureus, respectively (p < 0.005). There
are, however, substantial differences in the biofilms formed on
the UV-grafted substrates. According to the SEM images, biofilms formed on the UV-grafted samples consist of multilayer
structures (Figure S13b,d, Supporting Information). This difference is attributed to considerably weaker adhesion of both
types of bacteria to the grafted surface, while the drug applied
by the capillary force due to the evaporation of water is enough
to detach bacteria from the substrate and condense them into
multilayered clusters. At the same time, the PDMS-infused
samples exhibit outstanding resistance against bacteria inhibiting almost complete adhesion of biofilms to the substrate
surface (p << 0.005) (Figure 5d,e,i,j). The attachment and biofilm formation for the E. coli and S. aureus are suppressed
by >97% on flat and >99% on the anodized porous PDMSinfused steel substrates. The immobilized low-surface-tension
PDMS lubricant stably present on the UV-grafted and infused
substrates, as shown by the thin-film interference pattern in
Figure 5d,e,j, introduces an additional liquid–liquid interface,
which effectively eliminates the adhesion of both types of bacteria forming biofilm resistive coating.
Next, the UV-grafting approach was applied on the bare, UVgrafted, and PDMS-infused scalpel blades to examine the adhesion of both E. coli and S. aureus in a medium. After sterilization by dipping the blades in 70 vol% ethanol solution for a few
seconds and drying them at ambient atmosphere, the blades
were dipped in a solution of medium containing ≈8 × 108
cells mL−1 (OD600 nm ≈1.000) bacteria. The blades were kept for
1 min in the bacterial solution, then withdrawn and rinsed in
a cuvette with bacterial medium to remove unbound bacteria,
that is, from the droplets that pinned to the blade surface.
The cuvette with rinsed bacteria was then measured by UV–
Vis spectroscopy at λ = 600 nm (OD600 nm), and the results are
summarized in Figure 5m,n.[49] The amount of remnant bacteria was reduced from bare to UV-grafted and PDMS-infused
blades. Previously, we have shown that deposition of submicrometer-scale rough tungsten oxide (WO3) film on scalpel
blades followed by their further modification to a SLIPS can
prevent bacterial biofilm adhesion due to the presence of the
immobilized liquid layer.[10g] This was attributed to the inability of the bacteria to attach to the lubricant surface as any
toxic effects of the lubricant on the bacteria had been ruled out.
However, the WO3 deposition process is complex, the kinetics
is slow and not applicable on carbon grade steel due to severe
corrosion, while the surface modification required the use of
short, fluorinated molecules as well as a fluorinated lubricant
Adv. Funct. Mater. 2021, 2101090
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both are barely suitable for biomedical applications. Here, the
PDMS-infused surfaces have been UV-grafted and infused on
bare scalpel blades by a one-pot process using biocompatible
silicon oil as both a surface modifier and lubricant.
Immediately after the rinse in the bacterial medium, the
incision of the agar plate was performed to determine the
number of bacteria that remain on the blade even after extensive rinse, that is, bacteria that strongly adhere to the blade
surface. The agar plates were then incubated at 37 °C for
24 h allowing bacterial growth, and the results are presented in
Figure 5m,n, top inset images. The number of adherent bacteria to the PDMS-infused scalpels is ≈60% lower for S. aureus
and ≈50% for E. coli compared to plain blades. Furthermore,
there is a substantial difference between plain and UV-grafted
or PDMS-infused blades in both steel grades. The bacterial biofilm grown from all plain scalpels is even and continuous over
the entire incision length (Figure 5m,n, left petri plates in the
inset images). On the contrary, UV-grafted and, in particular,
PDMS-infused blades display a patchy growth of bacterial biofilms with a thicker grown area at the beginning of the incision.
After ≈2 cm, the biofilms rupture, and only a few individual
colonies are observed. The latter indicates that the adhesion
of the bacteria is considerably weaker in both UV-grafted and
PDMS-infused blades, since the applied friction between the
soft agar gel and scalpel blade is sufficient enough to remove
the attached bacteria almost completely, which does not occur
on plain blades.

3. Conclusion
In this study, we introduce a one-pot approach to adopt a surface
of virtually any solid substrate into lubricant-infused gaining
the material surface superior repellent characteristics. We demonstrate that PDMS or silicone oil, the most common silicone
material, grafts to a substrate when illuminated by UV light,
simultaneously serving as a reducing surface energy agent and
infusing lubricant. The approach was applied to various substrates including metals, metal oxides, and ceramics with surface morphologies from flat to rough. The proposed approach
is simple to implement, rapid, non-toxic, environmentally
friendly, easily scalable, and low-cost, yet forms a stable lubricant-infused slippery coating. Furthermore, the process does
not require pre- or harsh treatment conditions making it suitable to apply in industrial, medical, and other real-life applications. The key advantage of our approach is that micro- or
micro/nano- surface structuring is not required. The latter thus
eliminates the main complexity of SHS, which is an intrinsic
mechanical weakness associated with rough surfaces, yet
increases the resistance of the material to corrosion and fouling.
Indeed, the addition of surface roughness through anodization
and subsequent grafting of the surface with PDMS leads to
superhydrophobicity. The latter further increases the corrosion
resistance, broadens the passivation range, while the infusion
of the SHS with silicone oil for creating a lubricant-infused
slippery surface, further reduces the corrosion current density,
and increases the corrosion potential. However, the structuring
processes may apply harsh conditions on the material and are
not always applicable for various substrates reducing the overall
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mechanical durability of the material. Therefore, a compromise
between mechanical and repellent characteristics should be
considered for every particular application.
Due to the biocompatibility of silicone-based compounds, the
UV-grafted process was examined on plain medically applicable
substrates that display enhanced corrosion resistance, reduced
friction, as well as excellent blood and bacterial adhesion repellency. The latter emphasizes that the surface properties of bare
medical devices can be substantially modified without deteriorating their mechanical robustness. Furthermore, the UV-grafted
medical instruments were sterilized by a brief rinse in 70 vol%
ethanol solutions and then were used several times without
showing any degradation in their repelling characteristics. The
procedure was applied on surgical grades steel scalpels that
allowed to cut both soft and hard crosslinked elastomers more
accurately. Furthermore, carbon steel, which is used frequently
in medical applications, is prone to corrode almost immediately
in saline solutions. When UV-grafted, the same scalpel blade
made of carbon steel demonstrated substantial improvement in
corrosion resistance. When the same procedure was applied on
plain convex glass lenses, the slippery PDMS-infused layer was
able to repel blood stains almost completely by passive sliding,
allowing a complete field of view without distortion and without
compromising the mechanical characteristics of bare lens material. The same trend was also observed for bacterial adhesion,
while both Gram-positive and Gram-negative bacteria attach
loosely to the UV-grafted and PDMS-infused samples and can
be removed by application of weak shear or even by capillary
forces. Given all aforementioned advances, we envision that
the presented approach will push the development of the UVgrafted PDMS lubricant-infused slippery repellent technology
toward a wide range of practical applications.

4. Experimental Section
Materials: 1 × 3 inch microscope glass slides (VWR, Germany),
coverslips (#4, Menzel-Glaser, Germany), quartz slides (1-mm-thick,
GVB, Germany), p-type Si wafer (μChemicals, Germany), SiO2/Si
wafer (3 in. Si(100) p-type with 100 nm SiO2, μChemicals, Germany),
0.5-mm-thick Co foil (99.9%, Advent Research Materials, UK), 1-mm-thick
Al sheets (99.95%, Advent Research Materials, UK), 0.2-mm-thickness
Mo foil (99.95%, Advent Research Materials, UK), 0.5-mm-thick Ti foil
(99.99%, Advent Research Materials, UK), 0.6-mm-thick Cu foil (Marawe,
Germany), carbon steel (Bayha, Germany), and MSS with the following
nominal composition (wt%): 0.6 to 0.7% C, 12% Cr, ≤ 0.5% Ni, ≤ 0.5%
Si, ≤ 1% Mn, ≤ 0.03% P, and ≤ 0.025% S (Swann-Morton, UK) surgical
blades #22 were used as substrates. Before surface functionalization,
the substrates were cleaned ultrasonically in acetone and ethanol for
10 min and then dried under a stream of N2. Silicone oil of 100, 500, and
1000 cSt (Mw = 6, 17.3, and 28 kDa, respectively), toluene, ethanol, and
acetone were purchased from Carl Roth, Germany, and used as received.
Stainless Steel and Ti Anodization: The electrochemical anodization
was performed in a standard two-electrode-cell using LAB/SM 7300 DC
power supply (ET System, Germany), 316L grade stainless steel (Advent
Research Materials) as an anode, and Pt foil as a cathode. Stainless
steel samples were anodized in a two-step procedure as previously
reported.[39] Briefly, an ethylene glycol solution containing 0.1 m of NH4F
and 0.2 m H2O was used as an electrolyte, and the anodization was
performed at 20 °C and at an applied potential of 90 V. The duration
of the first step anodization was 20 min. Then, the porous anodic
layer was removed using an UP100H ultrasonic processor (Hielscher,
Germany) in water for 5 min and dried by a stream of N2. Thereafter,
Adv. Funct. Mater. 2021, 2101090
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a further anodization step was performed for 10 min. After the secondstep anodization, the samples were extensively rinsed with a 20:80 (v/v)
water–ethanol mixture and then kept in ethanol until annealed in air at
400 °C for 1 h. Ti foil was anodized according to our previously published
procedure.[30] Briefly, the Ti foil was anodized in a molten o-H3PO4
electrolyte containing 3 m of NH4F for 120 min at an applied potential of
15 V and 100 °C. The “as-anodized” samples were immersed in DI water
for 12 h to remove residual electrolytes and finally dried under a stream
of N2. Well-defined, self-organized Ti nanotubular arrays with a thickness
of ≈200 nm were obtained.
Al Foil Oxidation: Al sheets were oxidized in boiling water for 10 min
to form a rough nanometer-scale pseudoboehmite aluminum oxide layer
and then dried under a stream of N2.[38]
Surface Functionalization and Lubrication: The samples were horizontally
placed in a Petri dish with a quartz cover. Approximately 20 µL cm−2 of
silicone (PDMS) oil was then dropped to cover the entire sample surface
and uniform coverage was achieved by tilting the sample. The samples
were illuminated by UV (Hg) lamp at 400 W (Noblelight DQ2523, Heraeus,
Germany). The emission maxima of this lamp are in the UV range, that
is, λ = 320 and 370 nm. The working distance between the lamp and the
sample was 15 cm. The UV light power density was measured using a
1830-C Newport optical power meter equipped with a 818-UV/DB optical
power detector and 1% Newport ND filter. The power density at the
working distance is ≈50 mW cm−2. To measure the WCA and hysteresis
on UV-grafted PDMS layers, the remnant oil was dissolved by extensive
rinsing in toluene, and then dried under a stream of N2.
Scalpel Blade and Glass Lens Functionalization: To form lubricant-infused
slippery scalpels, sterile medical scalpel blades #22 made of i) carbon
steel (Bayha, Germany) and ii) MSS (Swann-Morton, UK) were placed
horizontally in a glass Petri dish with a quartz cover. The silicon oil was
dropped on the blade surface and then the samples were illuminated by
a UV lamp for 30 min. The procedure was repeated on every scalpel side.
To form UV-grafted PDMS surfaces, the silicone oil was dissolved by an
extensive rinse in toluene. The same procedure was also applied on sodalime, double convex glass optical lenses of 50 mm in diameter.
Morphology and Physicochemical Characterization: For morphological
characterization, a field-emission scanning electron microscope (Hitachi
FE-SEM S4800) was used equipped with energy-dispersive X-ray
spectroscopy (EDAX, Genesis). The composition and the chemical state
of the films were characterized using XPS (PHI 5600, US), and the spectra
were shifted according to the C 1s signal at 284.8 eV, and the peaks were
fitted by MultiPak software. Depth profiling was carried out using the
instrument’s Ar+ sputter source operated at 3 kV and 15 nA, rastered
over a 3 × 3 mm2 area at a sputtering angle of 45° to the surface normal.
Sputter steps of 1 min were repeated till the Si substrate. The atomic
composition was determined between consecutive sputtering intervals,
by evaluating the photoelectron peak area, using MultiPak processing
software. The sputtering rate was calibrated using commercial Si/SiO2
wafers (3 in. Si(100) p-type with 100 nm SiO2, μChemicals, Germany) and
found as 2 nm min−1.
ToF-SIMS Measurements: Positive and negative static SIMS
measurements were performed on a ToF-SIMS 5 spectrometer (ION-TOF,
Münster). The samples were irradiated by a pulsed 25 keV Bi3+ liquid–
metal ion beam. Spectra were recorded in high mass-resolution mode
(m/Δm > 8000 at 29Si). The beam was electrodynamically bunched
down to 25 ns to increase the mass resolution and raster-scanned
over a 125 × 125 µm2 area. The primary ion dose density was kept at
≈5 × 1011 ions × cm−2 ensuring static conditions. Signals were identified
using the accurate mass as well as their isotopic pattern and profile.
Negative depth profiles are recorded in dual beam mode with a pulsed
25 keV Bi+ liquid–metal ion beam (bunched down to <0.8 ns) for
spectra generation and a 500 eV Cs+ ion beam for sputter-removal on a
50 × 50 µm2 area in the center of the 300 × 300 µm2 sputter crater. Signals
are identified according to their isotopic pattern as well as to their exact
mass. Spectra are calibrated to CH−2 , C −2 (negative polarity) and C+, CH+,
CH+2 , CH+3 , and C 7H7+ (positive polarity) and a Poisson correction is used.
Contact Angle Measurements: The contact-angle measurements
were performed by a contact angle measurement system (DSA100,
Kruss, Germany) at room temperature. The droplet volume for
© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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the measurements was 10 µL, unless otherwise specified, and the
macroscopic droplet profile was captured on camera. The droplet profile
was fitted by a drop shape analysis computer program provided by the
manufacturer. Contact-angle hysteresis was measured by increasing and
decreasing the droplet volume and video recording to determine the
advancing and receding contact angles. All contact angle values specified
in the text were averaged by at least 3 independent measurements.
Ellipsometric Measurements: The thickness of PDMS layers was
determined with a phase-modulated ellipsometer equipped with a
633 nm He−Ne laser source (Picometer Ellipsometer; Beaglehole
Instruments, New Zealand). To achieve sufficient sensitivity for the
detection of thin silicone layers, angle scans were performed around the
Brewster angle of Si (i.e., 76°)[50] from 70 to 80° at a step width of 1° at
three different positions of the sample surface. Angle-resolved data from
ellipsometry were fitted assuming a 4-layer model by refractive indices
of nair = 1.00, nPDMS = 1.403, nSiO2 = 1.457, nSi = 3.4, and kSi = 0.03 for air,
PDMS layers, native silicon oxide, and silicon wafer, respectively, while a
plane Si wafer (with native oxide layer) was used as reference.
Corrosion Measurements: The electrochemical polarization curves were
measured in a standard three-electrode-cell using an IM6 electrochemical
workstation (Zahner-Elektrik, Germany) and analyzed by the instrument’s
electrochemical software. Bare stainless steel, anodized stainless steel
with grafted PDMS layer (superhydrophobic), anodized slippery stainless
steel with grafted and lubricated PDMS were used as working electrodes.
Besides, pure copper and pure aluminum substrates were analyzed
with bare, UV-grafted, and infused by PDMS oil of 500 cSt viscosity. The
electrochemical tests were carried out in a standard 3.5 wt% NaCl aqueous
solution as corrosion medium. The cathode was a Pt electrode (20 × 20 mm),
the reference electrode was an Ag/AgCl leakless (3.5 m KCl) reference
electrode (ET072 eDAQ), and the scanning rate was fixed to 3 mV s−1.
The potentiodynamic polarization curves were started at −300 mV versus
the OCP. In the anodic direction, the polarizations were performed up to
1.6 V for the AISI 316L grade stainless steel; 1.2 V for the pure Al, and 1.0 V
for the pure Cu substrates. The calculation of the percentage IE of the
corrosion current was performed as follows: IE = ((i0−ic)/i0) × 100%, where
i0 is the corrosion current of the bare sample, and ic is the corrosion current
of the coated sample (UV-grafted or lubricant-infused). These values were
obtained by the Tafel method after performing the polarization curves.
Blood Attachment Experiments: Fresh pig blood was generously
provided by Unifleisch GmbH (Erlangen, Germany). Sodium citrate
(0.5 vol%) was added to the blood before receipt (at the lab facility)
to prevent blood clotting. It was rotated on a mixer at 20 rpm to
homogenize the contents before sampling.
Bacterial Stock Preparation: The wild-type bacterial strain E. coli DH 5
alpha strain and S. aureus were used. The stock culture was generated
from an agar stock plate, from which one or two colonies were
transferred to the growth medium. All cultures were incubated overnight
at 37 °C in 5 mL of Tryptic Soy Broth growth medium (Becton Dickinson,
Heidelberg) and kept shaking continuously in an orbital shaker at a
speed of 150 turns min−1. The concentration of bacteria was measured by
UV–Vis spectroscopy at a wavelength of 600 nm wavelength (OD600 nm)
versus pure medium (control) and calculated according to the equation:
1.000 OD600 nm = 8 × 108 CFU mL−1.[49]
Bacterial Biofilm Adhesion: Bare polished, anodized (hydrophilic),
PDMS UV-grafted (hydrophobic), and slippery (lubricant-infused)
stainless steel samples were placed horizontally in a 10 cm petri dish
with 3 samples of 2 cm2 per dish. The E. coli and S. aureus stock solution
was diluted to OD600 nm = 0.55 by growth medium. Thereafter, the
surface of each sample was covered with 900 µL of the bacteria solution.
Immediately following inoculation, all samples were incubated at 37 °C
for 24 h to allow proper biofilm growth. Triplicates were done for both
(E. coli and S. aureus) infused samples and non-infused controls. Biofilm
coverage was analyzed by staining all samples in Neisser’s solution II
(Crystal violet, Carl Roth. Germany). This was followed by gentle rinsing
in DI water to remove excess stain and then air-dried. Images were
captured by confocal microscopy (Leica, Wetzlar), bright-field optical
microscopy (Nikon, Japan), and SEM microscopy (Hitachi, Japan,
without any additional pre-treatment using a reduced working voltage).
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Bacterial Adhesion to Medical Scalpel Blades: Bacteria adhesion was
achieved by dipping untreated or treated scalpel blades into a stock
solution containing E. coli or S. aureus at OD600 nm ≈1.000 in Tryptic Soy
Broth culture medium. The scalpel blades were first kept submerged for
1 min in the E. coli or S. aureus solution then withdrawn and rinsed in
4 mL of the culture medium. The washing solution was measured by
UV–vis spectroscopy at λ = 600 nm. After the wash, the scalpels were
used to scissor the agar in the petri dishes, which were then incubated
for 24 h at 37 °C. The scalpel blades were sterilized by a brief rinse in
70% ethanol aqueous solution between the subsequent submersions in
different bacterial cultures. Three replicates per treatment were used.
Statistical analysis (two-tailed t-test) was performed to determine the
statistical significance of bacterial resistance.
Theoretical Calculations: The program ORCA 4.1.1 was used for all
calculations.[51] Geometry optimizations were performed on a truncated
model for PDMS: Me3SiOSiMe2OSiMe3. The bond of interest
was homolytically broken, and the two resulting radical fragments
(S = 1/2 each) were independently optimized. The true minima were
confirmed by calculating vibrational frequencies showing no negative
values. M06-2X functional[52] and def2-TZVP basis sets[53] for all atoms
were used. To speed up the calculations, RIJCOSX approximation with
def2/J auxiliary basis sets[54] were employed. When calculating bonddissociation enthalpy DH0298, zero-point energy and thermal energy
corrections were applied routinely.
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1. Bare and PDMS-grafted Si/SiO2 wafer after a wash in toluene.

Figure S1. Still digital images of Si/SiO2 wafer grafted by the PDMS oil for 60 min, then
extensively rinsed in toluene. (a) Bare Si/SiO2 wafer and (b) PDMS oil grafted wafer. Two
colored areas were observed: (i) dip-blue uniform area is the accurately washed Si/SiO2 wafer
in toluene, and (ii) thin-film interference pattern due to the remanent oil remain on the surface
after rinsing in toluene.
2. Morphology and EDX spectra of UV-grafted PDMS oil on anodized stainless steel.

Figure S2. (a-c) HR-SEM images of 316L grade anodized stainless steel grafted by PDMS oil
for various times: (a) 5, (b) 15, and (c) 30 min. (d) EDX spectra of the samples shown in (a-c).
The scale bar is 200 nm for all images.
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3. The thickness of the grafted PDMS layer as a function of the molecular weight.
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Figure S3. The thickness of the UV-grafted PDMS layer on bare Si wafer surface as a
function of the molecular weight.
4. Typical UV-Vis spectrum of medium pressure mercury UV lamp.

Figure S4. Typical UV-vis spectrum of medium pressure mercury UV lamp.
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5. High-resolution XPS spectra of UV-grafted PDMS oil of 500 and 1000 cSt
viscosity.

Figure S5. High-resolution angle-resolved X-ray photoelectron spectroscopy spectra of the
UV-grafted (a) 500 and (b) 1000 cSt PDMS oil on polished stainless steel substrates.
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6. XPS spectra of bare and UV-grafted polished stainless steel substrates.

Figure S6. (a) Survey XPS spectra of bare and UV-grafted PDMS oil on stainless steel
substrates, measured at an angle of 75○. (b) High-resolution XPS spectra of bare stainless
steel substrates.
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7. Deconvoluted XPS spectra of O 1s of bare and UV-grafted stainless steel.

Figure S7. Measured and deconvoluted (a) Si 2p and (b-d) O 1s XPS spectra of (b) bare and
(c-d) UV-grafted 100 cSt PDMS oil on stainless steel substrates, measured at an angle of 75○
in (a-c) and 15○ in (d). The black dots represent the measured XPS signal for all plots, and a
continuous black line demonstrates the enveloped fitted spectra.
8.

Full positive and negative spectra of the UV-grafted PDMS layers at various

viscosities measured by Tof-SIMS analysis.
The siloxane peaks are observed in all viscosities of grafted PDMSs with positive (+43,
+73, +147, +207 amu) or negative polarity (–28, –43, –56, –73, –147) as shown in the full
positive and negative spectra listed in Figure S8a-b. The most intense signal in all positive
spectra is at +27.976 amu (Si+); this has a higher intensity for the 100 cSt viscosity PDMS
UV-grafted layer. While in the negative spectra the peak at –15.996 amu (O-) shows a
significantly higher intensity for the 100 cSt PDMS viscosity grafted oil and very low
intensity in decreasing order for the 500 cSt and 1000 cSt viscosity PDMS UV-grafted layers.
For the –27.976 amu (Si–) mass peak in the negative polarity, the highest intensity is recorded
for the 1000 cSt viscosity UV-grafted layer. These aspects may indicate a preferential
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orientation of the low molecular weight PDMS molecules UV-grafted to the solid substrate
compared to the 500 cSt and 1000 cSt viscosity PDMS grafted molecules.

Figure S8. (a) Negative and (b) positive high mass resolution ToF-SIMS spectra of UVgrafted PDMS oil of 100, 500, and 1000 cSt viscosity on stainless steel substrates. (c)
Comparison of selected mass fragments from the surface spectra in positive polarity (Si+) and
in negative polarity (O-, Si-) for the UV-grafted PDMS with different viscosities.
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Digital images of the Al samples with 1M NaOH drops of corrosive media.

Figure S9. (a) Digital still images of bare, UV-grafted, and PDMS-infused Al samples with a
1M NaOH aqueous solution drop. The images were captured after 10 min of corrosion. (b)
The samples were dried 15 min after corrosion; the corroded area fraction was calculated,
while the bright spots on the sample surface indicate the corroded area.
10. Plain and UV-grafted by PDMS oil carbon steel scalpel blades after immersion in
tryptic soy broth.

Figure S10. Still digital and optical microscope images of (a) bare and (b) UV-grafted by
PDMS oil carbon steel scalpel blades after immersion for 1 min in tryptic soy broth
containing 0.1 wt.% NaCl. The samples were dried and kept at ambient atmosphere. The
images were captured after 1 h of submersion. The bare scalpel displays significant pitting
corrosion, while the UV-grafted scalpel demonstrates no sign of corrosion.
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11. Optical microscopy images of carbon and stainless steel blade sharp-cutting edges.

Figure S11. Optical microscopy images of (a) carbon and (b) martensitic stainless steel
scalpel blades sharp cutting edge morphology.
12. Confocal microscope images of E. coli biofilm adhesion on stainless steel substrates.
Confocal imaging of crystal violet stained samples was performed on an upright SP5X
laser scanning confocal microscope (Leica, Wetzlar, Germany) using a 10X/0.3 NA dry
objective lens and an excitation wavelength of 543 nm. 3D image stacks of 1.48 × 1.48 mm
were recorded over a depth of ± 4 μm from the surface plane of the sample, using 2 μm zsection distance. Confocal image stacks were maximum-projected and the mean fluorescence
intensity for each maximum projected image was quantified using ImageJ software (National
Institutes of Health, Bethesda, Maryland, USA). The student’s t-test (two-tailed, unequal
variance) was used to calculate statistical significance, P = 0.05.

Figure S12. (a-e, h-l) Confocal microscope images of (a-e) Escherichia coli and (h-l)
Staphylococcus aureus after 24 h growth on 316L grade stainless steel samples: (a, h) “asproduced”, (b, i) polished, (c, j) polished PDMS UV-grafted, (d, k) polished PDMS-infused,
8
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and (e, l) anodized sponge-like nanostructured PDMS-infused. The bacteria were stained by
crystal violate solution for 10 min, then rinsed gently and dried naturally. (f, g) Mean gray
value calculated over the entire confocal image as shown in a-e and h-l. The images have a
resolution of 1024×1024 pixels.
13. SEM images of bacterial biofilm formation on polished plain and UV-grafted
stainless steel substrates.

Figure S13. SEM images of (a-b) Staphylococcus aureus and (c-d) Escherichia coli after 24
h growth on 316L grade stainless steel samples. The bacteria were stained with crystal violate
(CV) solution for 10 min, then gently rinsed and dried naturally.
14. The atomic fraction of the UV-grafted PDMS layers on anodized stainless steel
measured by energy-dispersive X-ray spectroscopy.
Table S1. The atomic fraction of the UV-grafted PDMS layers on anodized stainless steel
measured by energy-dispersive X-ray spectroscopy.
Time
0 min
5 min
15 min
30 min
60 min
Element
0.92
6.09
5.35
6.63
6.84
C
34.15
25.95
36.66
30.24
33.71
O
0
3.23
4.85
3.55
5.09
Si
0.86
0.73
0.61
0.72
0.62
Mo
13.59
12.43
12.42
11.71
11.55
Cr
36.9
37.39
29.59
35.18
31.46
Fe
4.76
4.66
4.03
4.51
4.07
Ni
*
8.81
9.52
6.49
7.47
6.66
F
*

F ions present in the anodization electrolyte.
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15. Potentiodynamic parameters of bare, UV-grafted, and PDMS-infused Al, Cu, and
stainless steel.
Table S2. The electrochemical parameters of polished bare 316L grade stainless steel,
modified by 30 min illumination polished PDMS steel (hydrophobic), anodized steel with
PDMS coating (superhydrophobic), and lubricated anodized steel with PDMS coating
measured by the potentiodynamic polarization curve.
System
ECorr
ICorr (A cm-2 ) βa (mV) -βc (mV)
(mV)
Polished bare StSt
-193
6.60×10-8
140
79
-9
Polished StSt/UV-grafted
57
2.08×10
141
70
Polished StSt/PDMS-infused*
144
2.15×10-10
205
209
Anodized bare StSt
-22
2.93×10-6
217
94
Anodized StSt/UV-grafted
310
2.15×10-9
75
56
(Superhydrophobic)
Anodized StSt/PDMS-infused
396
3.90×10-10
93
76
-7
Polished Al
-692
1.24×10
168
164
Polished Al/UV-grafted
-634
5.57×10-7
85
51
-9
Polished Al/PDMS-infused
-911
2.38×10
260
397
Polished Cu
-296
1.12×10-5
73
79
-7
Polished Cu/UV-grafted
-164
5.87×10
48
46
Polished Cu/PDMS-infused
-316
2.64×10-9
79
121
*The values are approximated due to the high level of noise.

16. Potentiodynamic parameters of bare, UV-grafted, and PDMS-infused carbon- and
martensitic stainless steel scalpel blades.
Table S3. The electrochemical parameters of plain carbon (CS) and martensitic stainless steel
(MSS) scalpel blades, UV-grafted by 30 min illumination (hydrophobic), and PDMS-infused
coating measured by the potentiodynamic polarization curve.
System
ECorr (mV)
ICorr (A cm-2 )
βa (mV) -βc (mV)
-7
Bare CS Blade
-723
6.3×10
50
160
CS Blade/UV-grafted
-646
1.34×10-6
112
188
-7
CS Blade/PDMS-infused
-497
1.92×10
73
151
Bare MSS Blade
-284
4.56×10-7
71
109
-9
MSS Blade/UV-grafted
-99
5.37×10
20
75
MSS Blade/PDMS-infused*
* Due to the very small current signal, it was impossible to calculate the electrochemical parameters.
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Abbreviations and acronyms
AISI

American Iron and Steel Institute

AISI 316L

austenitic stainless steel

A

atomic weight

a

particle radius

AC

alternating current

BCC

cubic crystal system

CAH

contact angle hysteresis

CDL

double layer capacitance

CNT

carbon nanotubes

CS

carbon steel

DC

direct current

DCDMS
DLVO

dichlorodimethylsilane

Derjaguin, Landau, Verwey and Overbeek theory

DMDES

dimethyldimethoxysilane

DOE

design of experiments

E

potential

E◦

standard potential

EIS

electrochemical impedance spectroscopy

Ecorr

corrosion potential

EG

ethylene glycol

EMF

electromotive force
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E

energy

F

faraday constant

F

force

f

fraction of projected area

FCC

face-centered cubic

FS-100

peruorinated phosphate molecules

GDGP

glow discharge gas plasma

GDP

gross domestic product

h

Planck's constant

I

current (A)

i

current density

Icorr

corrosion current

IHP

inner Helmholtz plane

n

number of equivalents

NP

nanoparticles

NT

nanotubes

OCP

open circuit potential

OHP

outer Helmholtz plane

P

pressure

PA

phosphonic acid

PC

polycarbonate

PDMS

polydimethylsiloxane

PE

polyethylene

PET

polyethylene terephthalate

PMHS

polymethylhydrosiloxane
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PTFE

polytetrauoroethylene

R

molar gas constant

RΩ

ohmic resistance of the solution

RP

faradaic resistance

S

spreading parameter

SAM

self-assembled monolayer

SEM

scanning electron microscopy

SH

superhydrophobic

SHE

standard hydrogen electrode

SCC

stress corrosion cracking

SLIPS

slippery liquid infused porous surfaces

SS

stainless steel

T

temperature

t

time

USD

United States dollar

WCA

wetting contact angle

XPS

x-ray photoelectron spectroscopy

γ

surface energy

ε

dielectric constant

ζ

zeta potential

η

over potential

θ

contact angle

κ

function of the ioninc composition of an electrolyte

ν

frequency

π

solvent permeability
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