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University of Ljubljana

Ljubljana, Slovenia

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal Coatings

(ISSN 2079-6412) (available at: https://www.mdpi.com/journal/coatings/special issues/polymer

thin film).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-0365-9268-8 (Hbk)

ISBN 978-3-0365-9269-5 (PDF)

doi.org/10.3390/books978-3-0365-9269-5

Cover image courtesy of Urška Gradišar Centa
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Abstract: Since the world’s energy demands are growing rapidly, there is a constant need for new
energy systems. One of the cleanest, most abundant, and renewable natural resources available
is solar energy; therefore, the development of surfaces with high absorption of solar radiation is
increasing. To achieve the best efficiency, such surfaces are coated with spectrally selective coatings,
which are strongly influenced by the pigments and resin binders. Spectrally selective paints have a
very specific formulation, and since the applied dry coatings should exhibit high spectral selectivity,
i.e., high solar absorptivity and low thermal emissivity, the rheological properties of liquid paints are
of great importance. In the present work, we studied the effect of the rheological properties of liquid
thickness-insensitive spectrally selective (TISS) paints on the spectral selectivity and adhesion of dry
coatings on a polymeric substrate. The results showed that the functional and adhesion properties of
dry coating on polymeric substrates is strongly dependent on the rheological properties of the binder
and catalyst used for the preparation of the liquid paints. It was shown that the paints with good
spectral selective properties (thermal emissivity eT < 0.36 and solar absorptivity aS > 0.92) and good
adhesion (5B) can be prepared for polymer substrates.

Keywords: spectrally selective paints; polymer solar absorbers; rheological characterization

1. Introduction

In many countries around the world, hot water for domestic purposes is obtained
electrically. However, the electrical energy capacity is limited due to increased usage. The
increasing prices for electrical and conventional energy such as gas and oil, together with
the unpredictability of prices and fossil resources, has led to increased development of other
energy systems, among which the cleanest, most abundant, and renewable natural resource
available is solar energy. At present, the general trend of solar thermal systems is towards
simple solar systems with high quality standards and a long lifetime. To achieve this, the
materials used should exhibit the best characteristics. Due to their advantages in terms
of low cost, variability of properties over a wide range, processing, and specific weight,
polymeric materials are very promising candidates for solar collector systems [1,2]. Most
polymeric materials are used for unglazed solar collectors, and only a few polymer-based
glazed water collectors have been developed and introduced into the market [3]. The
main problems for polymeric materials are long-term stability, solar–thermal conversion
efficiency, and high stagnation temperatures. One of the drawbacks of the polymer ab-
sorbers is also their safety. Recently, special emphasis has been dedicated to fire safety
management [4] and the development of multifunctional spectrally selective coatings pro-
viding flame retardancy, which are eco-friendly [5]. However, the operating temperatures
of collectors for domestic hot water applications and “solar combi-systems” (space heating
in combination with domestic hot water preparation) in private residences range from
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20 ◦C to 80 ◦C; thus, by an appropriate collector system design, including, e.g., overheating
protection glazing, plastic materials could be excellent candidate materials [3].

Thickness-insensitive spectrally selective (TISS) paints are usually formulated by
inserting metallic flakes and absorbing pigments into binder system [6]. The absorbing
pigments (mixed inorganic oxides) are responsible for providing solar absorbance, while
metallic flakes act as reflectors of the infrared radiation. The metal flakes change the
optical properties throughout the solar and thermal region, and therefore influence the
spectral selectivity of the coating. The benefit of such coatings is that they can be applied
on substrates other than metal, such as, for example, polymeric substrates, while still
providing good spectral selectivity. However, spectral selectivity depends strongly on the
microstructure of all pigments in the dry coating, especially on the position and orientation
of metal flakes [3,7–9]. To achieve the best performance of solar thermal absorbers, i.e., the
highest absorptivity, the applied coating is usually black. However, in addition to high solar
absorbance, black solar coatings are strong emitters of thermal (infra-red) radiation. At
high temperatures, such absorbers produce substantial heat losses from the front cover of
the solar collector. For the reduction of the collector heat losses, the optical properties of the
coatings should be selective. This means that the coatings should exhibit high absorptance
for solar radiation, but low emittance for thermal radiation. Good selective surfaces are
expected to achieve average absorptance higher than 0.95, and average thermal emittance
around 0.1 or lower [10]. These values are achievable with metal substrates, but are very
difficult to achieve when using the polymeric surface of the collector. Since the adhesion
of the coating on the polymeric substrate is difficult to achieve, at least some form of
pre-treatment of the polymeric surface is usually necessary to ensure satisfactory adhesion
of the coating.

As with many other paints, TISS liquid paints can also be applied on various substrates
using several application techniques (spraying, coil coating, brushing, etc.). Regardless
of the selected technique, the paints are subjected to complex flow conditions during use.
Among the many processing conditions, the rheological behavior of liquid paint is the
most important characteristic governing the behavior of the coating during application.
The importance of the rheological properties of liquid paints for the optical and functional
properties of dry coating has already been confirmed [5,10–14]. It has been shown that
although two liquid solar paints exhibited similar shear thinning flow behavior with the
same value of apparent shear viscosity at a specific shear rate, the homogeneity and optical
properties of the dry coatings were tremendously diverse [11,12]. The results showed
that rather than flow characteristics with a certain viscosity value, the whole rheological
characterization, i.e., the viscoelastic properties, are of great importance [11]. To achieve the
best final performance of the applied coating, the rheological properties of the liquid paint
under the complex conditions encountered during the application must be considered. One
of the most used parameters for the rheological characterization of liquid paint is viscosity,
which could be independent of the shear conditions (Newtonian fluids). Most paints used
in the various industrial processes exhibit more complex rheological properties, such as a
strong shear rate dependence of viscosity (i.e., shear thinning, shear thickening), and very
often also time dependence (thixotropy). During the storage, preparation and application of
the liquid paint, various processes (mixing, spraying, leveling, etc.) occur in which the paint
is subjected to a wide range of shear rate values [14]. After preparation, the paint is stored
in the vessel, where no shear is applied. During mixing and pumping, the paint is exposed
to shear rates between 1 and 100 s−1 or even higher, i.e., in the nip region of roll coaters
(up to 105 s−1) or spraying (up to 106 s−1). The final dry coating is formed after the liquid
paint has been applied on the substrate. The process is often referred to as leveling, which
is performed in the range of shear rates between 10−2 and 1 s−1. The process of leveling
is especially important for achieving the best functionality of dry coating, i.e., spectral
selectivity. Oh et al. [13] showed that loosely paced structure in wet coating state and
more porous dried coating structure could be achieved when the motion of the particles in
the structure formation of the coating components is restricted during the drying of the
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liquid paint on the substrate. Leveling could also be tailored by increasing the duration
of the process, which is achieved for example when decreasing the amount of thickener
or with the use of a lower amount of crosslinker or a weaker catalyst. The process of
leveling tendencies of a liquid paint can be predicted by rheological characterization using
a three-step test. The first step of low shear or low deformation is followed by immediate
application of high shear or high deformation comparable to application, which is again
followed by immediate application of low-shear motion and the measurement of the
resultant viscosity/viscoelastic behavior of the paint over a period of several minutes. Due
to the complex nature and non-Newtonian behavior of TISS paints and the extreme changes
of shear rates during different steps from storage in the vessel through to application and
final leveling on the substrate, a detailed rheological characterization over a wide range of
shear rates is essential. It has already been reported in the literature that the rheological
properties strongly influence the microstructure of the coating formed after the application.
Shen et al. [12] showed that rheological characterization confirmed that the addition of
co-binder increases the interactions between coating components, leading to better optical
performance of the applied coatings.

Spectrally selective paints for solar absorbers are complex systems, and have attracted
interest since the introduction of the concept of spectral selectivity [7–9,14]. However, to
the best of our knowledge, there are very few investigations in the literature focused on the
rheological properties of these paints during the preparation, application, and formation of
dry coatings on a substrate. In the present work, we studied the rheological properties and
spectral selectivity of TISS paints with various binder systems for the application on the
polymeric substrates. In addition to this, the adhesion properties of the applied coatings
on polymeric substrates were determined. Special emphasis was placed on determining
the influence of rheological properties of the liquid paint on the final spectral selectivity
and adhesion characteristics of dry coating. Among various binders, one was selected for
further investigation of the influence of two different catalysts on the rheological properties,
spectral selectivity, and adhesion, which were determined at various concentrations of
catalyst added to the liquid paints.

2. Materials and Methods

All thickness-insensitive spectrally selective paints were prepared for application on
high-density polyethylene (HDPE) polymer substrates with a spray gun. Liquid paints were
prepared using a standard procedure in which large Al flakes (>50 μm) served as reflectors,
enabling low emittance, while much smaller (<1 μm) black Mn-Fe pigment (SH-444) with
a spinel structure provided high solar absorbance. Three fluoropolymer resin binders
(Lumiflon 200, Lumiflon 9716 and Lumiflon 9721, Asahi Glass Co., Ltd., Tokyo, Japan) were
used to prepare TISS paints following the same procedure. The pigment was mixed with a
specific binder in a high-speed dissolver (Dispermat CNF2 (VMA-GETZMAN GMBH, D)).
After the dispersion was prepared, it was milled in a ball mill by using glass balls with
diameter 3 mm at 4000 rpm for 2 h. Two different commercially available polyisocyanate
catalysts based on hexamethylene diisocyanate (HDI): Desmodur N75 and Desmodur
N3300, both supplied by Covestro AG, Leverkusen, Germany, were used as catalysts for
the final composition of the TISS paint. Desmodur N75, based on aliphatic HDI biuret,
was chosen, as it exhibits much lower viscosity ~225 mPa·s (25 ◦C) than aliphatic HDI
Desmodur N3300, for which, according to the producer, the viscosity is ~3000 mPa·s (25 ◦C).
The reaction between isocyanate catalyst and lumiflon binder is explained elsewhere [15].

Prior to the application, liquid paints were characterized with a rotational controlled
rate rheometer (Physica MCR302, Anton Paar, Graz, Austria), equipped with a cone and
plate sensor system (CP 50/2◦). Standard rotational flow tests were performed with
a triangular method by changing the shear rate from 0–500–0 s−1. Oscillatory stress
sweep tests at a constant frequency of oscillation (1 Hz) were used to determine the linear
viscoelastic range (LVR). Frequency tests were performed at constant small deformation
in LVR by decreasing the frequency from 20 to 0.01 Hz. In addition to standard rotational
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and oscillatory tests, time tests were performed to simulate the three steps to which the
paint is subjected: storage in the container, deposition on the substrate, and the formation
of the dry coating. In the 1st and the 3rd step, the paint is subjected to conditions with no
shear; therefore, these two steps were performed at constant small deformation in LVR,
while in the 2nd step—during the application—the paint is subjected to high deformation;
therefore, high stress was applied in this step under oscillatory conditions. All rheological
measurements were performed at a constant temperature T = 23 ◦C, which was also the
temperature of the application of the paints on the substrate.

The spectrally selective properties of the paint coatings were determined from the in-
frared (IR) reflectance spectra. Reflectance in the visible (VIS) and near infrared (NIR) ranges
was measured on a Perkin Elmer Lambda 950 UV/VIS/NIR spectrometer (PerkinElmer Inc.,
Waltham, MA, USA) with an integrating sphere (module 150 mm), while the reflectivity
spectra in the middle IR spectral range were obtained on a Bruker IFS66/S spectrometer
(Bruker Corporation, Billerica, MA, USA) equipped with an integrating sphere (OPTOSOL),
using a gold plate as a standard for diffuse reflectance. Solar absorptance (as) and thermal
emittance (eT) values were determined from the reflectance spectra using a standard proce-
dure [16]. The solar absorptance as is theoretically defined as a weighted fraction between
absorbed radiation and incoming solar radiation. It was calculated according to [16]:

as =

∫ 2.5
0.3 S(λ)(1 − R(λ))dλ∫ 2.5

0.3 S(λ)dλ
(1)

where λ is wavelength, R(λ) reflectance, and S(λ) direct normal solar irradiance. It is defined
according to ISO standard 9845-1 (1992), where an air mass is 1.5. Thermal emittance eT is
a weighted fraction between emitted radiation and the Planck black body distribution
r(λ,T) [16]:

eT =

∫ 15
2.5 r(λ, T)(1 − R(λ))dλ∫ 15

2.5 r(λ, T)dλ
(2)

The values of eT were calculated at 350 K, which is close to operating temperature of
solar collectors. Emissivity and absorptivity values were determined by a set of samples,
e.g., for a certain operating condition, 5 samples were sprayed and spectral selectivity was
determined for each of the samples. The single value was then determined as an average of
these measurements. The accuracy of the spectral selectivity was within ±2%.

After the preparation, liquid paints were deposited on polymeric substrates by a
laboratory spraying gun.

3. Results and Discussion

3.1. Rheological Characterization
3.1.1. Binders

Before the preparation of TISS paints, rheological characterization of all three fluo-
ropolymer binders was performed. The results show that in the shear rate range examined,
the binders L9716 and L9721 exhibited Newtonian flow behavior with viscosity 4.5 Pa·s for
L9716 and 3.9 Pa·s for L9721, respectively. In contrast to that, the binder L200 exhibited
almost one order of magnitude higher consistency with non-Newtonian shear thinning
flow behavior.

Three different fluoropolymer binders L200, L9716 and L9721 were milled with the
same amount of black pigment (SH-444). After the milling, the so-prepared pastes were
rheologically characterized under destructive and non-destructive conditions. The results
of the destructive shear conditions showed that, in contrast to the flow behavior of the
binders without black pigment (Figure 1), all three pastes exhibited shear thinning behavior
(Figure 2). The addition of the pigment led to particle–particle interactions and interactions
between the binder and the black pigment. It is clear that in all of the pastes, some pigment
particles agglomerated, resulting in a 1st Newtonian plateau with constant high zero-
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shear viscosity. As shear rate increased, the particles started to de-agglomerate, and the
viscosity strongly decreased with increasing shear stress. At this point the pigment particles
were deagglomerated and well distributed inside the binder. Similarly to the binders, the
flow behavior of the paste L200-444 significantly deviated from the other two. This paste
exhibited the highest consistency; moreover, the presence of yield stress could be clearly
observed at around 100 Pa. During the measurements by the triangular method, all pastes
exhibited a hysteresis loop, indicating the time-dependent behavior of the pastes. Time
dependency was the most pronounced for the paste with the binder L9716, while the
paste L200-444 exhibited the lowest hysteresis, indicating that the structure had the lowest
time dependency.

 
Figure 1. Flow characteristics of the binders used for the preparation of TISS paints.

 
Figure 2. Flow characteristics of the pastes prepared by the binders with black pigment.

In addition to the flow characteristics, the viscoelastic properties of the pastes were
determined under non-destructive oscillatory conditions in the linear viscoelastic range,
which was previously determined with stress sweep tests at a constant frequency of 1 Hz.
Similarly to what was determined with the flow tests, the frequency tests (Figure 3) showed
that the highest consistency, i.e., the values of dynamic moduli (elastic G′ and viscous G′′
contribution to viscoelastic behavior) was observed for the paste with the L200 binder. At
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high frequencies, i.e., short times, the particles of black pigment were trapped inside the
chains of the binder, and there was no time for them to sediment. Under these conditions,
the prepared pastes exhibited a relatively stable structure. However, at lower frequencies,
i.e., longer times, the chains of the polymer binder started to orientate and align, which
enabled the particles to move between the chains, and they started to settle. Under such
conditions, the pastes lost their stability, and the viscous contribution started to increase,
while the elastic modulus remained constant. The increase in viscous contribution was
the most clearly observed for the pastes with L200 binder. Despite this paste having the
highest consistency, it could be concluded that the interactions of the particles with this
binder at longer times were the weakest.

Figure 3. Oscillatory frequency tests in linear viscoelastic range for the binders with black pigment.

During its lifetime and application, the liquid paint is subjected to various conditions,
from rest during storage to high shear during application, and again low shear during
leveling after application on the substrate. To simulate such conditions, non-destructive
conditions of linear viscoelastic response were applied in the first and third steps of the
experiment, while destructive conditions of high shear were applied in the second step.
The results (Figure 4) showed that during the first step (rest during the storage), the binders
L200 and L9716 exhibited the structure of a strong gel with extreme prevalence of the elastic
modulus G′ over the viscous one G′′. For the binder L200, the prevalence of the elastic
modulus can be observed during all three steps of the experiment. Such behavior is not
preferable for, e.g., spraying applications, since during the application at high shear the
paint does not flow but exhibits the properties close to solid or gel. Consequently, the
homogeneous application of this paint on the substrate is unlikely. To use this binder for
spraying application the addition of rheological additives for increasing viscous character
at high shear would be necessary. On the contrary, the binder L9716 exhibited a stable
structure at rest and liquid-like characteristics at high shear therefore we do not expect any
problems during the application. However, due to the sudden recovery of the dynamic
moduli to initial values at the last step of the experiment some inhomogeneities during
the process of leveling on the substrate could be expected. The binder L9721 exhibited
the structure of a weak gel at rest and good flow characteristics during the application;
however, a higher decrease in the viscosity in this step would be preferable. Similar has
already been published for TISS coatings on metal substrates [11].
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Figure 4. Three-step time test for various binders with black pigment: 1st step: constant low
deformation in linear viscoelastic range (γ = 1%, ω = 1 Hz); 2nd step: constant high deformation in
the range of destructive shear conditions (γ = 100%, ω = 1 Hz); 3rd step: constant low deformation
(γ = 1%, ω = 1 Hz), the same as in 1st step.

3.1.2. TISS Liquid Paints

Thickness-insensitive spectrally selective (TISS) coatings were prepared by using all
three of the above-mentioned binders milled with the same black pigment. All TISS paints
were two-component systems, prepared by following the same procedure with the identical
addition of the same additives and catalyst Desmodur N75. Rheological characterization
was performed for all liquid paints prior to the application on the HDPE substrates using
the spraying technique. The viscosity curves under destructive shear conditions (Figure 5)
showed that all three TISS liquid paints exhibited shear thinning flow behavior. For all the
paints, the first Newtonian plateau could be observed in the range of low shear stresses.
The highest viscosity in this range was observed for the paint with L9716 binder. As the
shear stress increased, the particles inside the paint started to align in the direction of
flow, resulting in decreasing viscosity. The decrease in viscosity was less pronounced for
the paint with L200 binder. Consequently, the viscosity of this paint in the range of high
shear stresses was the highest. As shear stress started to decrease in the second step of
the triangular flow experiment, the viscosity increased, with different values from those
during increasing shear stress. A noticeable hysteresis can be observed for all three paints,
indicating the time-dependent behavior of all paints. Due to the higher viscosity of the
binder L200, the TISS paint prepared with this binder exhibited the highest viscosity, which
was more pronounced especially at higher shear rates.

The results of the oscillatory tests, performed under non-destructive conditions of
low deformation (in the range of linear viscoelastic response at γ = 1 %, Figure 6), showed
that at longer times, none of the liquid paints exhibited a tendency towards sedimentation;
however, for the paint with the L9721 binder (TISS-L9721-444) a small increase of dynamic
moduli could be observed at lower frequencies, which was attributed to the drying of the
paint due to the long duration of the experiment.
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Figure 5. Viscosity curves of TISS paints, prepared with binders L200, L9716 and L9721. All liquid
paints were measured after the addition of catalyst Desmodur N75.

 
Figure 6. Oscillatory tests—frequency dependence of dynamic moduli for TISS liquid paints, prepared
with various binders (L200, L9716 in L9721) and black pigment (Black-444). All liquid paints were
measured after the addition of catalyst Desmodur N75.

Time tests, explained above, showed that all liquid paints exhibited a stable structure at
the state of rest and appropriate flow characteristics under high shear during the application
process (Figure 7). During the formation of the dry coating on the substrate (step 3), some
inhomogeneities could be expected using the paints TISS-L9716-A+B and TISS-L9721-A+B,
since the recovery to the initial values is almost immediate after decreasing the stress to
the initial values. On the other hand, during the leveling of the paint TISS-L200-A+B,
homogeneous final dry coating on the substrate could be expected.
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Figure 7. Three-step time test for TISS liquid paints, prepared with various binders (L200, L9716
in L9721) and black pigment: 1st step: constant low deformation in linear viscoelastic range
(γ = 1%, ω = 1 Hz); 2nd step: constant high deformation in the range of destructive conditions
(γ = 100%, ω = 1 Hz); 3rd step: constant low deformation (γ = 1%, ω = 1 Hz), the same as in 1st step.
All liquid paints were measured after the addition of catalyst Desmodur N75.

3.1.3. The Influence of the Type and Concentration of Catalysts

Since TISS paint coatings prepared with fluoropolymer binder L200 turned out to be
very promising for application on polymeric substrates, further optimization of the paint
was performed with this binder. The influence of the type and concentration of catalyst
was determined with two commercially available catalysts: Desmodur N75 and Desmodur
N3300. The catalysts were added in three different proportions: 1:1.1; 1:1.3 and 1:1.5.
The rheological tests were performed with the aim of defining the best catalyst and the
appropriate concentration of its addition for obtaining the paint with the best rheological
characteristics for application on the polymeric substrate.

The N75 and N3300 catalysts are aliphatic polyisocyanates. N75 is an HDI dimer,
while N3300 is an HDI trimer. It has been reported in the literature [17] that both catalysts
enable excellent appearance, UV resistance, and long pot life open time, and both meet
current VOC regulations for key end-use markets. Although both catalysts exhibit good
performance, the chemical resistance and mechanical properties of dry coating are better
when using N3300, while N75 enables better adhesion, impact and flexibility and slower
drying of the coating. During curing, the isocyanate groups from the catalyst react with
hydroxyl groups from the Lumiflon binder. However, the mixing ratio of the components
should be precisely determined to achieve the correct stoichiometry of the co-reactants. If
the NCO/OH ratio is too low, some OH groups remain unreacted, leading to increased
flexibility, better adhesion to substrates, and reduced solvent and chemical resistance [17].
On the other hand, if the NCO/OH ratio is too high, some NCO groups remain unreacted,
resulting in a longer time for drying and surface hardening. However, the formed coating
is harder, and solvent and chemical resistance is increased, while the flexibility is decreased
and the adhesion to the substrate is reduced.

The results of flow tests (Figure 8) revealed that the type of the catalyst influenced the
dependence of the viscosity on shear rate. In the same range of shear stresses, the decrease
in viscosity with increasing shear stress was steeper when the catalyst Desmodur N3300
was used. With the use of this catalyst, the viscosity at lower shear was higher (compared
to the TISS paints with the catalyst Desmodur N75), indicating the greater stability of the
structure of this paint at rest. However, the values of the viscosity at high shear were more
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comparable, indicating that similar characteristics during the application of the paints
could be expected. Whereas the type of the catalyst influenced the flow behavior of the
TISS paints, the effect of the concentration was almost negligible. Small increases in the
viscosity could be observed when higher concentrations of catalyst were added; however,
the shape of the curves remained similar.

 
Figure 8. Flow curves of TISS paint coatings, prepared with the binder L200 and various concentra-
tions of two catalysts Desmodur N75 and Desmodur N3300, respectively.

Similar results were also obtained with oscillatory frequency tests (Figure 9). Signif-
icant influence was observed using different types of catalyst, whereas the effect of the
concentration was less important. The prevalence of elastic modulus over the viscous one
and the fact that there is no dependency of either modulus on frequency of oscillation
demonstrate that the structure of the paints with the catalyst Desmodur N3300 is relatively
stable and no or only a small tendency towards sedimentation could be expected over
longer durations. On the other hand, the paints with the catalyst Desmodur N75 exhibited
a more liquid-like structure with lower values of dynamic moduli; hence, some tendency
towards sedimentation could already be expected on a short time scale.

 
Figure 9. Oscillatory tests: frequency dependency of dynamic moduli for TISS paints, prepared
with fluoropolymer binder L200 and various concentrations of two catalysts Desmodur N75 and
Desmodur N3300, respectively.
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The results of three-step time tests for the prepared TISS paints (Figure 10) showed
that the paints with N3300 catalyst exhibited high consistency and stable structure at rest.
During application, the rheological properties of these paints were suitable for successful
application, since the viscous contribution prevailed over the elastic one. However, after
the application, the recovery of these paints was fast, with the domination of the elastic
modulus indicating fast, solid-like behavior and possible inhomogeneities in the dry coating
on the substrate. The rheological behavior of the paints with N75 catalyst was similar,
with different relaxation behavior in the third step of the experiment. After the high shear
applied in the second step, the recovery of the structure in the third step was slower, with
elastic modulus slightly prevailing over the viscous one. This indicates that there was
enough time for the structure of these to form a homogeneous dry coating. Moreover, the
structure of the paint was viscoelastic, with almost equal contribution of the elastic and
viscous parts, enabling the formation of a uniform and smooth dry coating. According
to these results, it could be expected that the coating with N75 catalyst would enable the
formation of a better and more homogeneous dry coating compared to the catalyst N3300.

  
Figure 10. Three-step time test for TISS paints, prepared with fluoropolymer binder L200 and various
concentrations of two catalysts: (a) Desmodur N75 and (b) Desmodur N3300, respectively: 1st step:
constant low deformation in linear viscoelastic range; 2nd step: constant high deformation in the
range of destructive conditions; 3rd step: constant low deformation, similar as in 1st step.

Moreover, due to the high flexibility of polymeric substrates, the coatings applied to
such substrates should exhibit a viscoelastic structure with elongation comparable to that of
a plastic substrate. If the structure of the applied coating is too stiff, with a high prevalence
of elastic modulus, any dynamic deformation of the substrate will lead to premature
adhesion failure of the applied coating. The results of the rheological three-step tests of
TISS paints prepared with two catalysts at various concentrations (Figure 10) showed that
all the paints prepared with N75 catalyst exhibited similar values of G′ and G′′ in the
third step of the experiment, indicating the flexible viscoelastic structure of the coating
after application. On the other hand, the elastic modulus of the paints prepared with
N3300 catalysts strongly prevailed over the viscous one in the third step of the experiment,
indicating that a more elastic and brittle structure of the applied coating could be expected.

3.2. Adhesion and Spectral Selectivity

In addition to the rheological characterization of liquid paints, dry coatings on the
polymeric substrate were characterized by the determination of the functionality of the
coating, i.e., spectral selectivity with solar absorptivity and thermal emissivity values.
Moreover, the quality of the applied coatings, i.e., the adhesion, was examined using
cross-cut tests. These tests were performed by cutting the surface of the coating with a
special several-bladed knife. After the cutting, a sticky tape was glued on the surface and
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peeled-off. If there were no marks on the tape, the adhesion of the paint on the substrate
was good, while marks left on the sticky tape indicated a loss of cohesion. The results were
evaluated according to the DIN EN ISO 2409 standard as follows:

5B (ISO Class 0): Edges of cut are completely smooth; none of the squares of the lattice
are detached.

4B (ISO Class 1): Detachment of small flakes at the intersection of the cuts; max 5% of
the cross-cut area is affected.

3B (ISO Class 2): Flaked along the edges and/or intersection of the cuts; affected
cross-cut area: 5%–15%.

2B (ISO Class 3): Squares are partly/wholly damaged; affected cross-cut area: 15%–35%.
1B (ISO Class 4): Squares are partly/wholly detached; affected cross-cut area: 35%–65%.
For all the coatings studied in the present research, the cross-cut areas of the coatings

and the black marks left on the sticky tape after its removal were scanned and the average
values are presented in Tables 1 and 2. Figure 11 presents photographs of the cross-cut
tests for two coatings with different catalysts. From Figure 11 it can be clearly seen that the
adhesion of the coatings on the polymeric substrate was acceptable for both catalysts used.

Table 1. Comparison of thermal emittance (eT), solar absorbance (aS) and adhesion to polymeric
substrate of TISS coatings, prepared with the binder L200 and various concentrations of catalyst
Desmodur N3300.

Sample eT aS aS − eT Adhesion

A:B-N3300-1:1.1 0.364 0.914 0.550 3B
A:B-N3300-1:1.3 0.427 0.923 0.496 3B
A:B-N3300-1:1.5 0.455 0.924 0.469 3B

Table 2. Comparison of thermal emittance (eT), solar absorbance (aS) and adhesion to polymeric
substrate of TISS coatings, prepared with the binder L200 and various concentrations of catalyst
Desmodur N75.

Sample eT aS aS − eT Adhesion

A:B-N75-1:1.1 0.353 0.912 0.559 5B
A:B-N75-1:1.3 0.395 0.906 0.511 3B
A:B-N75-1:1.5 0.403 0.911 0.508 3B

 
Figure 11. Photograph of cross-cut tests for two TISS coatings onto the polymeric substrate, prepared
with the binder L200 and different catalysts: (a) Desmodur N75 and (b) Desmodur N3300.

As can be seen from the results, the solar absorptivity was above 0.91 for all of the
coatings prepared using N3300 catalyst. However, these coatings also exhibited very high
thermal emissivity (eT > 0.35) and relatively weak adhesion (3B). Very good adhesion
of dry coatings was achieved by the application of the paints with the lowest amount of
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N75 catalyst. Moreover, all the coatings, prepared by using this catalyst, also exhibited good
spectral selectivity—the difference between as and eT was higher than 0.5 for all samples.

3.3. Morphology of the Applied TISS Paints

The morphological structure of the applied TISS paint on the substrate is presented in
Figure 12. It can be seen from the figure that proper distribution of the metal flakes and black
pigment in the binder is crucial for high solar absorptivity (smaller black pigments) and low
thermal emissivity (larger Al flakes). Figure 12a presents the structure of the applied sample
A:B-N3300-1:1.5. It can be seen from the Figure that Al flakes were completely covered with
the binder with black pigment, which was homogeneously distributed inside the binder.
Due to the complete coverage of the flakes, thermal emissivity of the coating was high
(the highest of all samples prepared); however due to good distribution of black pigment
inside the binder, solar absorptivity was high (higher than 0.92). However, appropriate
distribution of all components in liquid TISS paint led to high spectral selectivity. This can
be observed in Figure 12b, which presents the morphology of the sample A:B-N75-1:1.1.
This coating exhibited the highest solar absorptivity and the lowest thermal emissivity of
all samples prepared (Tables 1 and 2).

  
Figure 12. SEM micrographs of two TISS paints with (a) binder completely covering the flakes
(A:B-N3300-1:1.5) and (b) proper distribution of the components (A:B-N75-1:1.1).

4. Conclusions

In the present work, three different fluoropolymer binders L200, L9716 and L9721 were
used for the preparation of black thickness-insensitive spectrally selective (TISS) paints
which are, due to incorporation of metal flakes and pigment particles inside polymer binder,
suitable for polymer solar absorbers. However, the adhesion of these paints on polymer
substrates is usually inferior. To achieve good adhesion of the liquid paint and optimal
spectrally selective properties of dry coating, which strongly depend on the distribution
of the particles in the polymer binder, systematic research needs to be performed, and
the rheological properties carefully determined. For this reason, our study focused on
the rheological characterization of binders, pastes, and TISS liquid paints, together with
the effect of two polyisocyanate hardeners. Moreover, the adhesion of dry coatings was
evaluated with peel-off tests, while spectral selectivity was determined on the basis of solar
absorptivity and thermal emissivity measurements.

The results showed that two binders exhibited Newtonian flow behavior, while the
behavior of the binder L200 was slightly shear thinning. The addition of the same concen-
tration of pigment particles to the binders changed the flow behavior of the binders towards
significant shear thinning. The particle–particle interactions of pigment particles were the
highest for the L9716 binder, since the shear thinning effect was the most significant for the
paste with this binder. Strong agglomeration of the particles at rest was observed with high
zero-shear viscosity, while de-agglomeration occurred when the shear increased. However,
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when the applied shear decreased, the re-agglomeration was slower, as the viscosity did
not recover to its initial state.

For TISS paints, the results showed that the liquid paints exhibited shear thinning,
time-dependent flow behavior with noticeable yield stress. Due to the higher viscosity of
the binder L200, the TISS paint prepared with this binder exhibited the highest viscosity in
the range of high shear stress. Three-step tests of the prepared TISS paints showed that
for the paints TISS-L9716-A+B and TISS-L9721-A+B the recovery of the structure to its
initial values was almost immediate; therefore, during the formation of the dry coating
on the substrate, some inhomogeneities could be expected using these paints. On the
other hand, the results of the recovery process—leveling of the paint with L200 binder
(TISS-L200-A+B)—a homogeneous final dry coating on the substrate could be expected.

The comparison of the two catalysts used for the preparation of final liquid two-
component TISS paints showed that the coatings with N75 catalyst enable the formation of
a better and more homogeneous dry coating compared to the catalyst N3300. Moreover, the
results showed that the rheological properties strongly depended on the type of catalyst,
while the effect of the catalyst’s concentration was almost negligible. A small increase in
viscosity was observed when higher concentrations of catalyst were added; however, the
shape of the viscosity curves remained similar.

The results of spectral selectivity showed that, compared to Desmodur N3300, the
catalyst Desmodur N75 (A:B-N75-1:1.1) enabled slightly lower eT values (eT = 0.353) and
better adhesion to the HDPE polymer surface. It was also observed that the spectral
selectivity (aS − eT) with increasing concentration of catalyst decreased from 0.550 to
0.469 for N3300, while the spectral selectivity for the coatings with N75 catalyst was higher
than 0.508 for all the paints prepared, regardless of the concentration of the hardener.

The obtained results confirmed that the rheological properties of liquid TISS paints are
extremely important for achieving homogeneous dry solar coatings with good adhesion on
polymer substrates. It was shown that only proper rheological properties of liquid paint
enable the correct distribution of the metal flakes and black pigment in the binder during
the application, which is crucial for the best functionality of dry coating, i.e., high solar
absorptivity and low thermal emissivity.
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Abstract: In this research, the influences of the addition of PVP to PVDF-HFP polymers and the
preparation of thin films using a solvent casting method were studied. The PVDF-HFP and polymer
blend PVDF-HFP/PVP thin films with a nanostructured surface were investigated using scanning
electron microscopy, differential scanning calorimetry, nanoindentation, and dielectric spectroscopy.
The results showed that the PVP formed a dispersed phase (the poorer conductive islands) in the
PVDF-HFP polymer matrix, which reduced its mechanical properties. The crystallinity of PVDF-HFP
polymer decreased with the addition of PVP by 7.4%, but the PVP induced the formation of the
polar β-phase of PVDF-HFP. Therefore, an improved dielectric response is expected, but it was not
significantly improved even though the polar β-phase was detected. The contrasting effect was
attributed to less conductive PVP islands on the surface of the PVDF-HFP/PVP polymer blend, which
decreased its conductivity.

Keywords: polymer blend; PVDF-HFP; PVP; mechanical properties; crystallization

1. Introduction

Polymer composites, based on poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) polymer, can be employed in many electronics, i.e., sensor systems [1,2],
actuators [3], nanogenerators [4], microelectronic components, and medical applications [5],
due to their cost-effective, mechanically flexible, and high-temperature stability. The chemi-
cally inert polymer PVDF-HFP has been used in numerous scientific fields, e.g., as mem-
branes [6], polymer electrolyte for batteries [7,8], electrospinning produced fibres [9,10],
as supercapacitors [11], and so on. The wide range of usage of PVDF-HFP polymers is
a consequence of its ferroelectric, piezoelectric, and pyroelectric properties [12,13], good
mechanical strength [14], thermal stability of up to 143 ◦C [6,15,16], and low degree of
crystallinity (about 50%) [17]. For a thin film of PVDF-HFP/PVP, it has already been proven
that it can show antimicrobial activities against Gram-positive bacteria L. monocytogenes after
3 and 6 h of exposure, but a reduction in colony forming units (CFU) was observed for
P. anomala and A. flavus after 6 h [18].

The semi-crystalline properties of PVDF-HFP polymer are strongly dependent on its
preparation conditions, solvents, and additives, which affects the degree of crystallinity
and the presence of individual phases (α, β, γ, δ, and ε). The polar γ-phase occurrence
increases with crystallization temperatures and time [19]. Still, the non-polar α-phase is
the most common and is usually present after melt crystallization at temperatures below
160 ◦C. The most polar β-phase of PVDF-HFP is formed by mechanical deformation of
α-phase PVDF-HFP film or by doping the polymer with fillers, most commonly with
organic nanoparticles [20] or clay minerals [21].

As we already showed in our previous research [18], the presence of polar β-phase was
induced by the addition of amorphous water-soluble polyvinylpyrrolidone (PVP) polymers.
PVP has a weakly basic nature; therefore, it is capable of forming complexes not only with

Coatings 2022, 12, 1241. https://doi.org/10.3390/coatings12091241 https://www.mdpi.com/journal/coatings
17



Coatings 2022, 12, 1241

anionic reagents but also with ionic polymers [22]. For polymer blend PVDF/PMMA, it has
been shown that 25% of β-phase was present after in situ blend crystallizations from ethanol
with the addition of 1 wt.% of PMMA. In this study, it has been indicated that a good mixing
ability of polymers results from the presence of hydrogen bonding, which increases the
movement resistance of PVDF chain segments to the crystal front [23]. Therefore, the PVDF
chain is forced to form its extended all-trans conformation that leads to crystallization
in the β-phase. In another study, the polyaniline nanorods were dispersed in PVP and
then incorporated into PVDF and, therefore, enabled the formation of dPANI@PVP/PVDF
nanocomposites with a relatively low dielectric loss while maintaining a sufficiently high
dielectric constant [24]. Moreover, the percolative nanocomposite Ag@PVP/PVDF, which
is based on PVDF with the addition of silver core–shell nanoparticles, coated with the
5–10 nm layer of PVP for better dispersion into the matrix, and possessing low dielectric
loss and high permittivity, has been prepared [25]. In the literature, some studies also
described that the surface modification of ferroelectric particles (e.g., BaTiO3) with PVP
polymers, exhibiting fine core–shell structure, which was homogeneously dispersed in the
PVDF matrix; in this way, new materials for energy storage have been prepared. With
40 vol% of BaTiO3 loading, the prepared materials exhibited the largest dielectric constant
of 65 at 25 ◦C and 1 kHz [26].

In recent years, many studies have been performed on polymers and their composites
using the nanoindentation technique [27]. Nanoindentation measurements proved that the
incorporation of various organic, inorganic, or organic-inorganic fillers help improve or
modulate the mechanical properties of PVDF [28–30].

However, only a few studies were performed on PVDF copolymer (PVDF-HFP) films
when determining their mechanical properties. The research of Yuennan and Muensit [31]
showed that the addition of magnesium chloride hexahydrate (MgCl2·6H2O) fillers to
PVDF-HFP acted as a plasticizer and improved the flexibility of the film, which is advanta-
geous in piezoelectric applications.

In this article, we study the effect of the addition of PVP polymers with polar pyrrolidi-
none substituents on the degree of interactions with the polar polymer matrix PVDF-HFP.
Furthermore, we also investigated how the formation of polar β-phase affects mechanical
and dielectric properties.

2. Materials and Methods

The PVDF-HFP, obtained from Sigma Aldrich (St. Louis, MO, USA), was dissolved in
dimethylformamide (DMF), Carlo Erba Reagents (Cornaredo, Italy), by mixing for 4 h on a
magnetic stirrer with 400 rpm at 80 ◦C. After achieving a homogenous solution, the thin film
of PVDF-HFP was formed on a Teflon plate by solution casting and drying for 2 h at 80 ◦C.

Polymer solution PVDF-HFP/PVP was obtained by dissolving PVDF-HFP and PVP
Sigma Aldrich (St. Louis, MO, USA) in DMF separately for 4 h on a magnetic stirrer with
400 rpm at 80 ◦C. The final PVDF-HFP/PVP solution was prepared by adding the PVP
solution into the PVDF-HFP one in mass ratio 25:75 by mixing both components on a
magnetic stirrer for additional 2 h. The thin film of PVDF-HFP/PVP was prepared in the
same way and at the same conditions as explained above for the PVDF-HFP film.

The morphology of formed thin films was investigated with a scanning electron
microscope using a field-emission gun Supra 36 VP, Carl Zeiss (Braunschweig, Germany).
The accelerated voltage was 1.5 kV, and the working distance 4.3 mm and the figures were
formed from the signal of secondary electrons. The thin films were placed on an adhesive
carbon tape and sputtered with 10 nm of carbon to ensure better sample conductivity.
Thermal properties of polymers and polymer blend were determined by using differential
scanning calorimetry—DSC (Q2500, TA Instruments, New Castle, DE, USA). Heat–cool–
reheat tests were performed according to standard ISO 11,357 in the temperature range from
−80 ◦C to 250 ◦C for PVP, from −80 ◦C to 300 ◦C for PVDF-HFP, and from 40 ◦C to 300 ◦C
for polymer blend PVDF-HFP/PVP with heating and cooling rates of 10 ◦C/min under an
inert (nitrogen) atmosphere. To determine the values of the glass transition, melting and
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crystallization temperatures, and enthalpies, the TRIOS software was used. The degree of
crystallinity of PVDF-HFP polymer was calculated using the following equation:

χc =
ΔHf

ΔH0
f
·100 % (1)

where Xc is the degree of crystallinity, ΔHf is the fusion enthalpy (calculated from DSC
curve), and ΔH0

f is the fusion enthalpy for 100% crystallinity (for PVDF-HFP polymer,
the value of 104.7 J/g was used [6]). The degree of crystallinity for polymer blend PVDF-
HFP/PVP was calculated with the same equation, where the values of crystallinity were
multiplied with weight fraction coefficient 1/ϕ, where ϕ represents the weight fraction of
the PVDF-HFP as the crystallized component (in our case 0.75).

The XRD diffractogram of the PVDF-HFP/PVP polymer blend was performed on a
D4 Endeavor diffractometer (Bruker Corporation, Billerica, MA, USA) at room temperature
using a quartz monochromator Cu Kα radiation source (λ = 0.1541 nm) with a Sol-X
dispersive detector in the range of 2θ from 5◦ to 65◦ (step size 0.04◦). The XRD diffractogram
has been smoothed in the computer program Origin. Optical images of spherulites were
taken with a polarized light optical Microscope Axioskop 2, Carl Zeiss (Oberkochen,
Germany) at the magnification 200×.

Mechanical properties were characterized with nanoindentation techniques on the
surface of the tested thin film samples. Nanoindentation is a useful non-destructive
technique for determining mechanical properties such as elastic moduli and hardness at
the nano-scale of many materials in bulk or as a coating deposited on the surface [32,33].
All tests were performed on a Nanoindenter G200 XP instrument manufactured by Agilent
Technologies, Inc (Santa Clara, CA, USA). Continuous Stiffness Measurement (CSM) was
performed using a standard three-sided pyramidal Berkovich probe with the tip oscillation
frequency of 45 Hz and 2 nm harmonic amplitude. For the characterization of the samples,
several sheets were cut and placed into a holder (diameter 8 mm, height 1 mm), melted
at 140 ◦C for 10 min, and cooled down in air. Thirty-six indents were performed onto
two samples for each coating with a 200 μm distance between adjacent indentations to
exclude interaction effects. The highest depth of the indents was 2500 nm; however, for the
calculation of the elastic modulus and hardness, values at the depths of 1000 and 2000 nm
were used. For analyzing the results, the Poisson ratio of 0.33 was used for PVDF-HFP [34].
All measurements were conducted at room temperature.

The contact modulus (CM) method was used to determine the dynamic properties
(storage and loss modulus) of films using a 100 μm flat-punch tip. The viscoelastic prop-
erties were determined at various frequencies from 45 Hz to 1 Hz. A pre-compression of
5 μm was used to make sure that the tip is in contact with the surface. Fifteen tests were
performed on each sample, and averaged values are provided as a result.

Dielectric properties of PVDF-HFP and PVDF-HFP/PVP thin films were measured
with a Precision LCR Meter (HP 4284A) using the amplitude of the probing AC electric
signal of 1 V. Two-layer electrodes were sputtered on the thin films: 10 nm of chromium
for better adhesion and 100 nm of gold. The complex dielectric constant ε* = ε′ − iε” was
measured during cooling in the temperature range between 400 K and 150 K at a cooling
rate of 1 K/min. The temperature of the samples was controlled by a lock-in bridge
technique with a platinum resistor Pt100 and was stabilized within ±0.01 K. The real part
of the complex AC conductivity σ* = σ′ + iσ” was calculated via equation σ′ = 2πνε0ε′′ ,
where ε0 is the permittivity of free space.

3. Results

3.1. Morphology

The surface topography of the transparent thin films of PVDF-HFP and polymer
blend PVDF-HFP/PVP is shown in Figure 1. On the surface of the PVDF-HFP thin film
(Figure 1A), some random spherical structures are visible. The addition of the PVP polymer
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into the PVDF-HFP (PVDF-HFP/PVP polymer blend, Figure 1B) led to the formation of a
nanostructured surface with spherical structures of an average diameter of 200 to 500 nm.

Figure 1. SEM images of the surface: (A) PVDF-HFP thin film and (B) PVDF-HFP/PVP thin film.

3.2. Thermal Properties

The DSC curves that indicate the thermal properties of PVP and both thin films are
presented in the Figure 2. The values of the glass transition temperature (Tg), melting
temperature (Tm), and melting enthalpy (ΔH) were determined from the re-heating curve
(Figure 2A), while crystallization temperatures and enthalpies were determined from the
cooling curve (Figure 2B). The obtained values of temperatures of phase transitions and
fusion enthalpy are summarized in Table 1. The PVP is an amorphous polymer with an
average molecular weight of 40 kDa and exhibits only the glass transition temperature at
164.8 ◦C. For PVDF-HFP thin films, the crystallinity was 28.9%, while the addition of 25%
of the PVP polymer (polymer blend PVDF-HFP/PVP) decreased the crystallinity to 21.6%.

Figure 2. (A) DSC curves for PVP, PVDF-HFP polymer, and PVDF-HFP/PVP polymer blend at second
heating; (B) DSC crystallization curves for PVDF-HFP polymer and PVDF-HFP/PVP polymer blend.

Table 1. Parameters of the DSC curves.

Thin Films Tg (◦C) Tm (◦C) ΔHm (J/g) Tc (◦C) ΔHc (J/g)

PVP 164.8 - - - -
PVDF-HFP −33.8 139.2 31.2 99.2 30.3

PVDF-HFP/PVP −20.3 115.7 16.9 69.6 12.9

PVP is a hygroscopic amorphous polymer and, therefore, a broad endothermic peak
ranging from 80 to 120 ◦C was observed in the DSC curve (the first heating cycle is not
shown). This peak was attributed to the presence of a residual moisture [35]. In polymers,
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water acts as a plasticizer [36], which can be observed in the DSC thermogram as a shift
in phase transition temperatures to lower temperatures. Moreover, the literature reports
that the presence of water in PVP polymer affects the increasing mobility of the polymer
blend [37], which could also increase the dielectric response of such thin films.

3.3. Crystal Structures

The XRD diffractogram of the PVDF-HFP/PVP polymer blend is presented in Figure 3A.
It can be clearly seen that the multi-phase crystal structure in polymer blend was observed.
The XRD diffractogram of PVDF-HFP/PVP polymer blends, presented according to our
previous publication, show a broad peak centered at 2θ = 20◦, which was attributed to the
presence of the β-phase, as a result of the sum of the diffraction in (110) and (200) planes [37].
The next, less intensive peak, centered at 26.6◦, was attributed to the diffraction of the
crystal plane (021) and corresponds to the presence of mixed phases: α and γ-phase [37].
The predominant crystalline phase of PVDF-HFP in the polymer blend was attributed
to the γ phase, because the most intensive peak was observed at about 2θ = 40◦. The
spherulites, formatted during the crystallization, were observed by a polarizable light
optical microscope, and they are shown in Figure 3B. A greater share of the small and
medium crystal grains was attributed to the presence of α and β phase of PVDF, whereas
larger crystal grains are present in the γ-phase [37].

Figure 3. (A) XRD diffractogram of PVDF-HFP/PVP polymer blend thin film; (B) optical figure of
spherulites on PVDF-HFP/PVP thin film.

3.4. Mechanical Properties

The mechanical properties of PVDF-HFP and PVDF-HFP/PVP were determined using
a nanoindentation technique, and the results are presented in the Figure 4. The results
show that the addition of PVP to PVDF-HFP decreased the elastic modulus and hardness
of the thin film. The elastic modulus of the PVDF-HFP/PVP film was 1.61 ± 0.01 GPa and
1.99 ± 0.02 GPa of the film without PVP. A larger difference between both samples was
observed by the determination of surface hardness, which was for PVDF-HFP/PVP almost
twice lower compared to PVDF-HFP.

Figure 5A shows a variation in the storage modulus (E′), loss modulus (E′′), and loss
factor (tanδ) with the modulation of frequency at a depth of 5 μm for PVDF-HFP and
PVDF-HFP/PVP, respectively. For both thin films, the values of storage modulus were
found to be two orders of magnitude higher compared to the loss modulus. However,
the addition of PVP to PVDF-HFP (PVDF-HFP/PVP thin film) decreased both the E′ and
E′′ modulus. The E′ for both thin films decreased for about 0.2 GPa with the decreasing
frequency, while the E′′ was almost independent upon frequency changes. The loss factor,
which represents the ratio of E′/E′′, exhibited the same trend for both thin films, with lower
values for PVDF-HFP/PVP (Figure 5B).
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Figure 4. Results of nanoindentation: (A) elastic modulus of PVDF-HFP and PVDF-HFP/PVP;
(B) hardness of PVDF-HFP and PVDF-HFP/PVP.

Figure 5. Results of nanoindentation—frequency dependent: (A) storage and loss modulus of
PVDF-HFP and PVDF-HFP/PVP; (B) loss factor of PVDF-HFP and PVDF-HFP/PVP.

3.5. Dielectric Properties

The results of dielectric measurements are presented in Figure 6. The real and imagi-
nary parts of the complex dielectric constant ε* are shown along with the real part of the
complex AC conductivity at four frequencies (1, 10, 100 kHz, and 1 MHz) in the temperature
range between −123 ◦C and 127 ◦C (150 and 400 K). Imaginary part ε′′ represents dielectric
losses or, in another words, the electrical conductivity of the system. The dielectric response
of the PVDF-HFP thin film shows dielectric relaxation in the temperature range between
−73 ◦C and 27 ◦C (200 and 300 K) due to the dynamic transition from the solid glass state to
the soft rubber phase occurring in the amorphous part of the PVDF-HFP polymer [38]. The
results show that, at room temperature, the dielectric constant of PVDF-HFP was about 10
and 9 for the polymer blend of PVDF-HFP/PVP, respectively. The characteristic dynamic
peaks in the graph of dielectric losses (ε′′) on the temperature scale occured at the same
temperature (24 ◦C or 297 K) in both thin films. The addition of PVP polymer did not cause
any significant changes in the values of ε′, ε′′, and σ′ or in the structure of PVDF-HFP
polymer. We observed that the electrical conductivity slightly decreased after the addition
of the amorphous PVP polymer. The addition of PVP polymer simultaneously reduced the
proportion of crystalline phases in the sample (which consequently reduces the relaxation
intensity [38], i.e., the relaxation peaks in ε′′ and the relaxation strength in ε′), but on the
other hand, it triggered the crystallization of PVDF-HFP polymers into the ferroelectric
polar phase and stabilized it; no significant change in the dielectric response was observed.
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Figure 6. The real (ε′) and imaginary (ε”) parts of the complex dielectric constant and the real part (σ′)
of the complex AC conductivity vs. temperature at different frequencies for thin films of PVDF-HFP
and PVDF-HFP/PVP.

4. Discussion

Some studies in the literature have already reported that the PVP polymer enhances
thermal stability, crosslinking, and mechanical strength if added to the composite because
pyrrolidone groups can enable a homogeneous incorporation of organic and inorganic
salts [39]. However, according to our knowledge, no research studies on thin films involving
the PVDF-HFP polymer have been conducted. The goal of our research was, therefore, to
study such films and characterize their physical properties, i.e., optical, thermal, mechanical,
and dielectric properties. Physical properties are influenced also by the crystalline phase
in the polymorphous matrix polymer PVDF-HFP. Technologically, the most interesting
phase is the polar β-phase, which exhibits pyro, piezoelectric, and dielectric properties.
It has already been shown that the predominance of the β-phase could be determined
from the temperature of the solvent evaporation; the majority of β-phase was formed at
temperatures below 70 ◦C. Between 70 and 110 ◦C, a mixture of α- and β-phase was formed,
and above 110 ◦C, the γ-phase became dominant [19]. It has already been proven in our
previous research that although the temperature of the crystallization process of PVDF-HFP
thin films was 80 ◦C, Raman spectroscopy confirmed the presence of the β-phase in the
PVDF-HFP/PVP polymer blend. On the other hand, the XRD diffractogram revealed that
the γ-phase was dominant as the most intensive peak was observed at about 40◦. In the
XRD diffractogram (Figure 3A), the peaks of β-phase were also present, but the intensity
was lower compared to the γ-phase. However, the β-phase was not detected in pure
PVDF-HFP thin films prepared by crystallization at the same conditions [18]. It has been
reported that the interphases between the crystalline and amorphous phases maintain
the conformational characteristics of the crystalline regions [19]; therefore, we expect the
improvement of the mechanical and dielectric response of the PVDF-HFP/PVP polymer
blend. In particular, this expectation is because Li et al. expected an interaction between
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the polar pyrrolidinone substituents of PVP and the polar polymer matrix (PVDF-HFP)
and, thus, an improvement in dielectric properties [25].

As already mentioned, the crystallization of PVDF-HFP thin films was performed
at 80 ◦C. The results, already published in [21], showed that after crystalization, the film
exhibited a rich multi-phase structure, including the presence of the polar β-phase. As
already mentioned, the crystallization of PVDF-HFP thin film was performed at 80 ◦C.
The results, already published in [21], showed that after crystallization, the film exhibited
a rich multiphase structure, including the presence of the polar β-phase. However, the
β-phase in the composite, prepared by “drawing at low temperatures”, did not exhibited
piezoelectric properties due to the random orientation of dipoles [40]. It turned out that in
decreased electric fields, the α-phase was the most polarizable, slightly less β-phase, while
due to the lowest remanent polarization, the γ-phase was the least polarizable 37. The
loss of polarisation is attributed to the greater mobility of polymer molecular chains [41].
However, at the γ-phase of the PVDF, the crystal grains grow side by side, and a little block
space between the adjacent crystal grains can be observed [37]. In our case, where the
multiphase structure was observed, the crystal grains had different sizes. The larger light
spherulites represented the γ-phase (Figure 3B).

After the addition of PVP, the degree of crystallinity in the formed PVDF-HFP/PVP
film decreased, but we detected that the addition of a PVP polymer affected the PVDF-HFP
crystal structure, while it crystallized in polar β- and γ-phases [18]. For the presence of
the β-phase, of the formation of hydrogen bonds between hydroxyl groups (–OH) and
carbonfluorine (–CF) is desirable, but the critical role for the polar molecular conformation
of PVDF-HFP is to possess -OH groups [42]. In the following, the more intensive peak at
839 cm−1 of the PVDF-HFP/PVP thin film, detected with Raman spectroscopy, confirmed
that the addition of PVP resulted in the stabilization of the polar β-phase of the PVDF-HFP
polymer [43].

However, the addition of PVP polymer deteriorates the mechanical properties of the
PVDF-HFP/PVP thin film compared to the PVDF-HFP thin film. The elastic modulus of
the PVDF-HFP/PVP polymer blend decreased by around 20%. At higher contents of PVP
polymer, stronger linkages may occur between the components of the polymer blends and
the polymeric chains, which can reduce the motion of molecules [44]. A higher amount
of PVP accumulated in the dispersed phase (PVP islands on the surface, Figure 1B) in the
PVDF-HFP/PVP thin film, which decreases the mechanical properties of films [44]. The
hardness of the polymer blend reduced for around 50%.

Due to the confirmed presence of the polar β-phase [18], we expected stronger dielec-
tric responses from the films, prepared by the addition of PVP. However, the micrographs
showed that nanostructured surface of the PVDF-HFP/PVP thin film contained PVP island
structures (diameter between 200 and 500 nm, height 150 nm) with poorer conductivity.
It turned out that these islands overshadowed the increase in dielectric responses and
decreased the conductivity of thin PVDF-HFP/PVP films.

5. Conclusions

A polymer blend based on inert PVDF-HFP with the addition of PVP was successfully
prepared and characterized by its thermal, mechanical, and dielectric properties. The
addition of 25% of PVP polymer slightly decreased the elastic modulus of the polymer
blend and reduced the thin film’s hardness by half. Despite the detection of the ferroelectric
β-phase of PVDF-HFP polymer, the polymer blend PVDF-HFP/PVP did not exhibit an
improved dielectric response, because the PVP was present in the dispersed phase, which
led to the formation of less conductive islands. However, the dielectric properties of thin
films improved in a moisture environment, since their conductivity increased. With the
presented results, we can conclude that the PVDF-HFP/PVP polymer blend can be further
used in conductive biocompatible components in the field of biomedicine, sensors, and
smart scaffolds. For future studies, crystallization parameters will be optimized in a manner
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in which large amounts of β phase will be detected. After that, the polarity of the thin film
will be checked and the nanogenerators will be possibly formed.
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Abstract: The inkjet printing of the functional materials prepared by the sol-gel route is gaining
the attention for the production of the variety of the applications not limited to the printed boards,
displays, smart labels, smart packaging, sensors and solar cells. However, due to the gelation process
associated with the changes from Newtonian to non-Newtonian fluid the inkjet printing of the sol-gel
inks is extremely complex. In this study we reveal in-depth rheological characterization of the WO3

sols in which we simulate the conditions of the inkjet printing process at different temperature of
the cartridge (20–60 ◦C) by analyzing the structural and rheological changes taking place during
the gelation of the tungsten oxide (WO3) ink. The results provide the information on the stability
of the sol and a better insight on the effects of the temperature on the gelation time. Moreover, the
information on the temperature and the time window at which the inkjet printing of the sol-gel
inks could be performed without clogging were obtained. The WO3 ink was stable in a beaker
and exhibited Newtonian flow behavior at room temperature over 3 weeks, while the gelation time
decreased exponentially with increasing temperature down to 0.55 h at 60 ◦C.

Keywords: rheology; inkjet printing; tungsten oxide; sol-gel

1. Introduction

Functional materials are used in wide-ranging industrial fields including, but not lim-
ited to solar cells, energy storage devices, displays, smart windows, catalysts for chemical
reactions and sensors [1]. Among them the tungsten oxide (WO3) represents an inorganic
transition metal oxide with chromogenic and semiconductor properties, which enable
its applicability in numerous applications mentioned above [2–4]. The WO3 layers can
be produced with complex and expensive techniques (physical vapor deposition—PVD,
chemical vapor deposition—CVD and electrodeposition) or by less expensive applica-
tion from a solution phase (sol-gel, mixture of powder and different solvents) [5]. A
variety of the sol-gel chromogenic devices enabling optical modulation of the interior
light in the buildings [6,7], such as electrochromic [7,8], photoelectrochromic [9,10], pho-
tochromic [11–13] and gasochromic [14] have been prepared with the dip-coated WO3
layers from the corresponding sols. This publication focuses on the in-depth study of the
rheological characteristics of the sol-gel derived WO3 inks suitable for inkjet printing [15].

The sol-gel process enables the fabrication of the variety of the functional materials [16].
The process involves the conversion of small molecules (monomers) into a colloidal solution
(sol) that transforms to an integrated network (gel) in which the solvent is trapped. Further
drying of the gel leads to the formation of a solvent free xerogel while annealing of the
xerogel results in the powder. On the other hand, the printing is becoming more and
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more linked with the applications such as printed boards, displays, smart labels, smart
packaging, and various printed electronic such as different sensors, solar cells, etc., which
all require the availability of the functional materials in ink or paste form required for the
planned printing technique [17–20]. Therefore, nowadays, functional sol-gel materials are
entering the printing production, but the area is still new and underexplored. Every ink or
paste should exhibit proper rheological properties, which are essential for every specific
deposition process. The inkjet printing requires low viscosity of the inks (1–30 mPa.s) and
surface tension around 30 mN/m, the ink typically contains a complex mixture of many
solvents with high and low boiling points [18,20]. This allows proper drop generation,
avoids nozzle clogging and provides optimal printing results. However, due to irreversible
behavior of sol-gel material, inkjet printing of functional sol-gel materials is even more
complex and requires a careful gelation control of inks, with necessary fine tuning of their
rheological properties [15].

In 1997, Atkinson and coworkers reported one of the first examples of inkjet printouts
using sol-gel inks [21]. Since then, the research interest in using sol-gel materials for inkjet
printing production of metal oxides has increased, which is demonstrated by numerous
scientific publications over the past decade [19,22–25]. Furthermore, the printability of the
tungsten sol using inkjet printing has been successfully demonstrated [15]. The tungsten
oxide—WO3 printouts with the thickness of around 300 nm were realized of very good
optical quality and enabled the realization of the electrochromic devices [15]. The tungsten
sol used as functional ink has been modified by using 2-propoxy propanol to match the
inkjet printing requirements for proper drop generation (jetting characteristics), smooth ink
transfer through printer and uniformity of deposited films [15].

Moreover, inkjet printing has complex drying behavior, therefore an appropriative
solvent system, temperature modulation of printer vacuum plates (up to 60 ◦C) and also
cartridge temperature (up to 70 ◦C) should be carefully chosen for each individual system
and substrate in order to form uniform deposited films [18,20]. From this perspective,
it is of paramount importance to perform a rheological study of inks by simulating the
conditions in printing process. An in-depth study of the sol rheology could enable better
insight of the sol-gel inks limitations as well as the control of the sol-gel material stability
(sol-gel transition) which is required for continuous inkjet printing without clogging. The
inks should have Newtonian behavior, which means that viscosity of fluid or ink is constant
with applied shear rates. In the case of the sol-gel inks the transition of the sol to gel occurs
therefore the ink changes from Newtonian to non-Newtonian fluid. In this regard printing
of functional sol-gel materials is even more complex and requires a careful gelation control
of the ink, with necessary understanding of its rheological properties.

To our knowledge, we are the first to reveal in-depth rheological characterization of
the WO3 sols for inkjet printing in which we simulate the conditions of the printing process.
Publication by Karimi-Nazarabad et al. [26] describes the rheological properties of nanoflu-
ids of tungsten oxide nanoparticles in ethylene glycol and glycerol. The authors don’t
report on practical usage of studied nanofluids, neither on the rheological characteristics
of the gelation process of the samples. Moreover, D. Tripkovic et al. [27] demonstrated
tailoring of BaTiO4 sol-gel inks for inkjet printing. The most relevant publication [28],
describes the study of rheological properties of TiO2 sol for direct write assembly in planar
and 3D configuration.

The aim of this study is to characterize the sol to gel transition of the WO3 inks at
various temperatures that the ink could be exposed to during the inkjet printing. The results
were obtained by coupling two measurement techniques, IR spectroscopy and rheological
characterization. Rheological study enabled the insight into the gelation process, while the
IR spectroscopy shed the light on the changes of the chemical structure of the WO3 sols
taking place during the transformation of the sol to the gel.
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2. Materials and Methods

2.1. Preparation of the WO3 Sol

Step one involved the synthesis of a WO3 sol. First, peroxo-tungstic acid (PTA) was
synthesized by reacting 5 g of tungsten monocrystalline powder (mean particle size < 1 mi-
cron, purity 99.95%, Sigma-Aldrich GmbH, Schneldorf, Germany) with 20 mL of hydrogen
peroxide (30%, Belinka). This reaction is strongly exothermic. Sols where then prepared
by adding solvent to the PTA solution at 120 ◦C. The addition of alcohol resulted in the
formation of the W-ether that polymerizes to peroxopolytungstic acid (P-PTA) [29]. Sol-
vent for inkjet printing ink should have boiling point higher than 100 ◦C, therefore WO3
sol used in this study as ink was prepared with a mixture of two solvents with different
boiling points, i.e., 2-propanol (ACS reagent, Sigma-Aldrich GmbH, Schneldorf, Germany)
and 2-propoxy ethanol (Puriss, Sigma-Aldrich, Schneldorf, Germany). The ink appeared
slightly orange and contained 27.7 mmol of tungsten per 30 mL of sol. Figure 1 presents the
WO3 sol and gel state—Figure 1a, the WO3 xerogel dried at RT—Figure 1b and the WO3
powder annealed for 1 h at 450 ◦C—Figure 1c. More details on the preparation of the sols
could, also the ones based solely on ethanol and 2-propanol could be found in Ref [15].

Figure 1. WO3 sol and gel: (a), xerogel (b) and powder (c).

2.2. Thermogravimmetric Analysis of the WO3 Xerogles

Thermogravimetric (TG) measurements of WO3 sols, prepared with different solvents,
were performed using Mettler Toledo TGA/DSC1 instrument (Mettler Toledo, Schwerzen-
bach, Switzerland). Samples were heated from room temperature to 500 ◦C with the hating
rate of 5 K min-1 under the dynamic air flow (100 mL min-1). 75 μL of the prepared sol was
pipetted into 150 μL platinum crucible and dried under air for 24 h. After drying, masses
of the samples used for analyses were around 15 mg. The blank curve was subtracted.

Dynamic TG curves of all three samples are shown in Figure 2. The course of thermal
decomposition is similar for xerogels B and C, where ethanol and 2-propanol were used as
a solvent while the mass-loss curve has a different course in the case of xerogel A, where
the solvent was a mixture of 2-propoxy ethanol and 2-propanol. We ascribe the first step,
which takes place from room temperature to approximately 200 ◦C, to solvent evaporation.
In this step mass-loss rate is higher in the case of xerogel B and C. Up to 185 ◦C, xerogel B
losses 6.0% of the initial mass, while xerogel C 8.10% and xerogel A 4.5%, respectively. The
second and the third step, where condensation reactions continue, are partially overlapped.
For xerogel B mass loss is additional 3.0% in a temperature range from 270 ◦C to 350 ◦C and
from 350 ◦C to 430 ◦C another 0.5%. Similar behavior is observed for xerogel C except that
the second step begins at higher temperature, i.e., 325 ◦C. Successive reactions are much
more overlapped in the case of xerogel A. Second step occurs in a temperature range from
185 ◦C to approximately 270 ◦C with a mass loss of 3.8% and turns then to the third step
with a slower mass loss. Mass for the sample A is not constant even at 500 ◦C.
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Figure 2. TG measurement of the WO3 xerogels prepared with different solvents: xerogel A with
2-propoxy ethanol and 2-propanol; xerogel B with ethanol and xerogel C with 2-propanol.

2.3. XRD Analysis of the WO3 Xerogles and Powders

The XRD measurements of the xerogels and powders were performed using a PW
1710 Philips X-ray diffractometer (Philips, Almelo, Netherlands). The XRD spectra of
the WO3 xerogels prepared by either a mixture of 2-propoxy ethanol and 2-propanol
or solely with 2-propanol are presented in Figure 3a, while the corresponding powders
obtained after annealing of the xerogel at 450 ◦C for 1 h are shown in Figure 3b. The results
confirmed that both WO3 xerogels, regardless on the solvent used for the sol preparation
are amorphous while annealing of the xerogels leads to the crystallization. The analysis of
the XRD spectra of the WO3 powders reveals the presence of the monoclinic phase, which
is well in agreement with our previous results for the sample C [12].

Figure 3. XRD patterns of the WO3 xerogel (a) and corresponding powders obtained after annealing
of the xerogels for 1 h at 450 ◦C (b). Xerogel A and powder A denotes WO3 prepared with 2-propoxy
ethanol and 2-propanol. Xerogel C and powder C denotes WO3 prepared with 2-propanol.

2.4. Rheological Characterization

Rheological measurements were performed with a rotational controlled rate rheometer
(Physica MCR302, Anton Paar, Graz, Austria), equipped with a cone and plate sensor
system (CP 50/2◦). Temperature of the measurements was controlled with a Peltier HOOD
(Anton Paar, Graz, Austria).

All samples were tested under rotational and oscillatory shear conditions. Rotational
flow tests were performed with a triangular method by changing the shear rate from
0–1000–0 s−1. Oscillatory stress sweep tests at constant frequency of oscillation (1 Hz) were
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used to determine the linear viscoelastic range (LVR). Frequency tests were performed at
constant small deformation in LVR by decreasing the frequency from 20–0.01 Hz.

2.5. IR Spectroscopic Measurements

The IR spectra of the sols, xerogels and gels have been taken by FT-IR Perkin Elmer
System 2000 spectrometer (PerkinElmer, Waltham, MA, USA). The samples have been
deposited as thin layers on the double side polished Si-resin.

3. Results and Discussion

3.1. Structural Analysis of the Sols and Gels

A characteristic of a WO3 sol prepared by the peroxo sol-gel route is the presence of
the peroxopolytungstic acid (P-PTA) clusters. The structure of the P-PTA was assessed
in 1991 by Nanba et al. [29]. It is complex and consists of two edge-sharing 3-membered
(W3O13) rings, located above and below the corner-shared 6-membered (WO7 pentagonal
bipyramids) ring. The contact between these species is established via the H-bonds of
water placed between them. The P-PTA structures transform during the sol preparation,
drying and gelation process to the network of the tungsten polyhedra (WO6) connected
via corners and edges. There are numerous factors influencing this transformation, among
them are also the temperature and the alcohol used for the sol preparation.

For the IR spectrum of the WO3 sols a variety of the W-O bond oscillations are charac-
teristic and the bands could be assigned to: the terminal bond, i.e., double bond between
tungsten and oxygen, ν(W = O) at 980 cm−1, single W-O bond of tungsten polyhedra con-
nected via corners, ν(W-O-W) at 630–650 cm−1 or via the edges, ν(W-O-W) at 700–720 cm−1.
In addition, the peroxo bonds are characterized by the absorption peaks of the W-O-O-W
and W-O-O oscillations at 800–830 cm–1 and 560 cm–1, respectively. The presence of water
in the structure is evident from the broad band in the range 3000–3500 cm−1 (ν(O-H)) and
a band at 1630 cm−1 (δ(H2O)) [30–33].

Figure 4 shows the IR spectra of the freshly deposited WO3 sols based on different
alcohols, the xerogel of the sol that was dried in a recording chamber of the FTIR spec-
trophotometer and the WO3 gel. For the comparison of the influence of different solvents
on the structure of the sols and gel formation we have analyzed beside the printable
WO3 ink prepared by 2-propoxy ethanol (Figure 4a) also the IR spectra of the WO3 sols
based on ethanol (Figure 4b) or 2-propanol (Figure 4c). It should be mentioned, that the
WO3—ethanol and WO3—2-propanol sols have been found inappropriate for the inkjet
printing [15] but are very suitable for dip-coating deposition of the active transparent WO3
layers used in chromogenic devices [7,9–12,14].

To compare how the temperature of the WO3 ink influences the cross-linking of the
tungsten polyhedra and gel formation we have taken the IR spectra after the gelation of the
WO3 sol in a rheometer at the temperatures (20 ◦C, 30 ◦C, 40 ◦C, 50 ◦C and 60 ◦C) at which
the rheological properties of the sols were examined (Figure 5).

In the IR spectra of the wet sols prepared by different solvents (Figure 4) the bands
characteristic for the –CH groups (2840–3000 cm−1) of the alcohol are present. The compar-
ison of the IR spectra of the wet and dried sols-xerogels shows a noticeable difference in
the intensity of the –CH bands. The results confirm that the alcohol entirely evaporates
during drying of the sols at room temperature when the sols are prepared by ethanol or
2-propanol (Figure 4b,c), while it remains present when the 2-propoxy ethanol (Figure 4a)
is used.

The IR spectra of the sols (Figure 4) show the presence of all the peaks characteristic for
the P-PTA structure. However, the intensity of the peaks, characteristic for the crosslinking
of the tungsten polyhedral, differs among the studied sols. The highest intensity of the
band typical for peroxo groups (810 cm–1 and 560 cm−1) is characteristic for the fresh sol
and the sol dried at RT (xerogel) prepared by 2-propoxy-ethanol (Figure 4a) which still
contains some alcohol. While the intensity of the peroxo groups in the xerogel is much
smaller in the case of ethanol and 2-propanol based WO3 xerogel that are solvent (alcohol)
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free. From these we conclude that the decomposition of the peroxo groups present in the
P-PTA structure is associated with drying and evaporation of the solvent from the sol
during the xerogel formation. The evaporation process is fast and complete for the sols
prepared by ethanol and 2-propanol (Figure 4b,c). A slower decomposition of the peroxo
groups has been found in the case of the sol containing 2-propoxy-ethanol (Figure 4a). The
slower evaporation could have resulted also in slower gelation process, but the rheological
studies showed the opposite. The rheological studies showed that the gelation is even
faster in case of the WO3 sol prepared by 2-propoxy-ethanol. The reason for the faster
gelation can be attributed to a different way of cross-linking of the WO3 polyhedra when
different alcohols are used for the sol preparation which has been confirmed by the IR
spectra analysis.

Figure 4. The IR spectra of the WO3 sol, xerogel and gel prepared by different alcohols, (a) 2-propoxy
ethanol, (b) ethanol and (c) 2-propanol.

In addition to the IR spectra of dried sols, xerogel the spectra of the gels (Figure 4)
confirmed that only in the case of the sol containing the 2-propoxy ethanol the alcohol
remains trapped in the gel structure (Figure 4a). The results demonstrate a strong influence
of the solvent on the cross-linking of the tungsten polyhedra. The analysis of the IR spectra
of the gels prepared by ethanol and by 2-propanol reveals that the intensity of the band
attributed to the terminal W = O bond (980 cm−1) strongly decreases during gelation, while
the skeletal W-O bonds typical for the connection of the WO6 polyhedra at 630–650 cm−1

and 700–720 cm−1 increase in the intensity (Figure 4b,c). The results confirm also the lowest
intensity of the terminal W = O bonds for the gels prepared with ethanol (Figure 4b) which
implies that the strongest cross-linking of the tungsten polyhedra took place in the gel
formed from the ethanol-based sol.

On the other hand, in the IR spectra of the gel formed from the sol based on 2-propoxy
ethanol a peak characteristic for the terminal double W = O bond remains intensive as well
as the bands characteristic for the peroxo groups (Figure 4a). This leads to the conclusion
that in the WO3 gel based on 2-propoxy ethanol the P-PTA structure remains present to
some degree, while the cross-linking of the tungsten polyhedra is hindered. In addition, the
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results confirmed the presence of the –CH bonds (peak at 2840–3000 cm−1) characteristic
for the 2-propoxy ethanol meaning that the solvent remained trapped in the cross-linked
WO3 gel structure (Figure 4a).

Figure 5. The IR spectra taken after the gelation of the WO3 sol (2-propoxy ethanol) in the rheometer
at the temperatures (20 ◦C, 30 ◦C, 40 ◦C, 50 ◦C and 60 ◦C) at which the rheological properties of the
sols were examined.

To summarize, the IR spectra analysis of the gels showed that the alcohol used for
the WO3 sol preparation strongly influences the cross-linking process taking place in
the gel formation. The WO3 gel based on 2-propoxy ethanol has the solvent kept in the
gel structure, the structure of the P-PTA is to some extent preserved and the bonding of
the tungsten polyhedra is not complete which results in a weaker and softer WO3 gels
compared to the gels formed from the ethanol and 2-propanol tungsten sols (Figure 4).

In a further IR analysis, we followed the gelation of the WO3 sol based on 2-propoxy
ethanol at different temperatures that the WO3 ink could be exposed during the inkjet
processing while adjusting the printing parameters. The IR spectra of the WO3 gels were
obtained after the gelation of the WO3 sol in a rheometer at 20, 30, 40, 50 and 60 ◦C (Figure 5).
In the IR spectra of the gel a high intensity peaks characteristic for the peroxo bonds (peaks
at 810 and 550 cm−1) were observed regardless of the temperature at which gelation took
place. In addition, no significant difference of the skeletal W-O modes typical for corner or
edge shared tungsten polyhedra has been noticed that might suggest different cross-linking
mechanisms taking place at different temperature during the gel formation. Moreover,
regardless of the temperature at which the gel has been formed the solvent, 2-propoxy
ethanol remains trapped in the WO3 gel structure (Figure 5). The IR analysis shows no
significant influence of the temperature, in the range between 20 and 60 ◦C, on the chemical
structure of the WO3 gel.

3.2. Viscosity of WO3 Sols

At all temperatures examined (20, 30, 40, 50 and 60 ◦C), the prepared WO3 sol exhibited
Newtonian viscosity, which exponentially decreased with increasing temperature (Figure 6).
However, after gelation process was finished, the viscosity of all gels, formed at different
temperatures, was in the same range, regardless of the temperature at which the gelation
took place. The formed gels exhibited similar complex viscosity with much higher values
(η *~400 Pa.s) compared to the initial sols (η *~0.001–0.01 Pa.s) (Figure 6). This is well in
agreement with the results of the IR analysis of the gels taken after the rheology study at
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different temperature (Figure 5). The dependencies of the viscosities on the temperature
were for the initial sols as well as for the formed gels expressed by Arrhenius model:

η = η0e(
E

RT ) (1)

where T is temperature, η0 is a material constant, E is the activation energy and R is the
universal gas constant [34].

Figure 6. Temperature dependence of the dynamic viscosity of freshly prepared WO3 sol and complex
viscosity of gels, formed at different temperatures.

3.3. In Situ Rheological Characterization of WO3 Gelation Process

A detailed insight into the progress of the rheological properties of WO3 sols during
gelation process was obtained with in situ oscillatory test in the linear viscoelastic range at
deformation so small that no destruction of the structure could occur. For inkjet printing
we used material deposit system—Dimatix Materials Printer DMP2800 [20]. It enables
temperature modulation of printer vacuum plates (up to 60 ◦C) and cartridge temperature
(up to 70 ◦C), which should be tailored for each material or ink. For inkjet printing of
the sol-gel WO3 ink the most optimal temperature of printer plates was 35 ◦C, which
warmed ink in cartridge up to 26 ◦C. Moreover, to predict stability of inkjet process we
studied temperature dependence of the WO3 sol-gel characteristics. In situ oscillatory
test in the linear viscoelastic range was used for 5 different temperatures: 20 ◦C, 30 ◦C,
40 ◦C, 50 ◦C and 60 ◦C, respectively. The progress of viscoelastic properties, i.e., elastic
G′ and viscous modulus G′′, during gelation process of WO3 sol was similar, especially
for the temperatures from 30 ◦C to 60 ◦C (Figure 7a). Initial sols exhibited “liquid-like”
behavior with low consistency and only viscous contribution G′′ detected. As the gelation
process started the loss modulus G′′ commenced to increase continuously, while the storage
modulus G′ suddenly appeared after a certain time and rose sharply until it intersected
and exceeded the loss modulus G′′. The time at which the both moduli reached the same
value indicated the sol to gel transition point, which is often referred to as a “gel-point” [34].
From this point onward, the elastic behavior G′ dominated and the behavior of the sample
became “solid-like”. Both moduli leveled off as the reaction came to completion; moreover,
at the end of gelation the viscous modulus was too low to be detected. As a result, the
formed gel became brittle without any viscous effects. The gels, formed at 30 ◦C to 60 ◦C
exhibited similar values of G′ and G′′ at the end of sol-gel process, while the gel, formed at
20 ◦C exhibited softer gel structure with lower values of G′ and G′′; moreover, the values
of G′′ were not negligible. We can conclude that the gelation time depended strongly
on the temperature, to which the sol was exposed. Higher temperature leaded to faster
gelation process, i.e., for the sol, which was exposed to 60 ◦C (Figure 7a), the gel formed
after ~0.55 h, while the transition from sol to gel at 20 ◦C was observed not earlier as after
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~10 h (Figure 7b). The final values of G′ were for the gels, formed at temperatures from
30 ◦to 60 ◦C in the range of 3000 Pa, while G′′ was negligible. On the other hand, the gel,
formed at 20 ◦C exhibited the G′ below 1000 Pa, while the G′′ was in the range of 100 Pa.

Figure 7. Dependence of dynamic moduli G′ and G′′ on time of the WO3 gelation process at different
temperatures: (a) 30 ◦C, 40 ◦C, 50 ◦C and (b) 20 ◦C. The tests were performed in linear viscoelastic
range. Solid symbols represent viscous modulus G”, hollow symbols represent elastic modulus G’.

To evaluate different parameters, important for the sol-gel process, the experimental
asymmetric dependences of phase shift angle δ on the time of gelation could be the best
fitted with five-parameter logistic function [35]:

δ = δ1 − (δ1 − δ2)(
1 +

(
t
tg

)−W
)s (2)

where δ1 and δ2 are the highest (initial) and the lowest (the end) values of phase shift angle,
respectively, tg is the time of sol-gel transition, while s jointly with W controls the rate of
approach to the δ2 asymptote. The values of the five parameters, obtained by fitting the
experimental data are presented in Table 1, while the experimental data of phase shift angle
δ and calculated values obtained with the above equation are presented in Figure 8. The
results show excellent agreement of the experimental data with the predicted values for all
five temperatures, used in the presented study. The five-parameter logistic model enabled
the exact determination of the time at which sol to gel transition occurs (tg) together with
precise viscoelastic properties of formed gels (δmin). Moreover, the model can be used for
accurate prediction of total rate and time of sol-gel process (W, s).

Table 1. The parameters of the five-parameter logistic model (Equation (1)) for the gelation process at
different temperatures.

20 ◦C 30 ◦C 40 ◦C 50 ◦C 60 ◦C

δmax 90.0 90.0 90.0 90.0 90.0
δmin1 7.4 0.0028 0.0028 0.0023 0.0027
tg (h) 10.06 6.2 3.1 1.5 0.55

W 7.8 26.4 30.18 24.73 18.56
s 0.92 1.43 1.32 1.09 1.06

Gelation times (tg), determined from the Equation (1) are organized as a dependence of
the temperature (Table 1), to which the initial sol was exposed. The dependence (Figure 9)
is very good fitted with the exponential function, which shows that the time of gelation
exponentially decreased with increasing temperature of the gelation process.
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Figure 8. Changing of phase angle d with time of gelation process at different temperatures. Depen-
dence of dynamic moduli G′ and G′′ on time of the WO3 gelation at different temperatures.

Figure 9. Dependence of gelation time on temperature of the gelation process of the WO3 ink.

3.4. Ex-Situ Rheological Characterization of WO3 Gelation Process

In addition to the in-situ rheological characterization the ex-situ rheological tests
were performed for the sol, exposed to the room temperature for several days. Moreover,
we followed the sol stability, prepared with different solvents (ethanol, isopropanol and
a mixture of isopropanol and 2-propoxy ethanol) stored in a 100 mL glass bottle in the
refrigerator. Our observation was that sol-gel transition occurs in 22 days, when using
the mixture of isopropanol and 2-propoxy ethanol, 6 months, when using isopropanol
and 10 months when using ethanol. It should be noted here that the transition from sol to
gel in the bulk of the beaker (sample volume ~100 mL) occurred much later compared to
the transition, which occurred in the sensor system of the rheometer and inkjet cartridge
content, where the whole volume of the sample was considerably lower (cca 1.6 mL).
The stability of the sols could be significantly prolonged by keeping the inks at lower
temperature, for example when kept in freezer (below −15 ◦C) the sols remain stable over
1 year.

In the ex-situ characterization various rheological tests were performed under destruc-
tive and non-destructive shear conditions. First, the flow behavior was followed with flow
tests under destructive shear conditions (Figure 10). One day after the sol preparation,
the sol (Figure 10, initial) exhibited Newtonian flow behavior with constant viscosity of
0.0054 Pa.s (at T = 23 ◦C). 14 days after the preparation the sol maintained the Newtonian
character, while the value of the viscosity slightly increased to 0.0065 Pa.s (at T = 23 ◦C).
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Higher increase of the viscosity and the first deviation from Newtonian flow behavior
was observed on the 21st day after the preparation. The next day (22nd day) the viscosity
again slightly increased with similar flow behavior, while 24th day after the preparation
the flow behavior of the solution significantly changed to pronounced shear thinning flow
behavior, where the viscosity decreased for almost three decades as the shear rate increased
from 0.1 to 1000 s−1. A constant decreasing of the viscosity curve from the low to the
high shear rates indicates that these solutions showed some structure stability at rest [34],
while hysteresis loop during the decreasing of the shear rate towards initial value (0.1 s−1)
indicates time-dependent flow properties during structure recovery.

Figure 10. Flow curves (the dependence of viscosity on shear rate) for WO3 sols at T = 23 ◦C.

The rheological properties of WO3 sols were, at different times during the gelation pro-
cess, followed also with non-destructive oscillation tests in the range of linear viscoelastic
response (Figure 11). At the beginning, immediately after the preparation, the sol exhibited
Newtonian flow behavior as only viscous contribution G′′ was present, which linearly
increased with the frequency of oscillation. As it was observed during flow tests, at 21st
day some changes were observed also with frequency tests. Newtonian character of the
sol changes to viscoelastic liquid as the dynamic storage modulus G′ occurred with lower
values compared to the loss modulus G′′; moreover, the moduli exhibited similar, linear
dependences with frequency of oscillation. The next day (22nd day) the values of the mod-
uli increased and their dependences on the frequency changed. The G′ equaled G′′, and
both moduli depended on the frequency of oscillation by the order of 0.45. Such behavior
is characteristic for weak gels, which resemble the strong gels in their mechanical behavior,
particularly at low frequencies, but as the deformation increases, their networks undergo
a progressive breakdown into smaller clusters. As a consequence, the system can flow
with flow properties typical of a disperse system [36]. Gel was formed after 26 days, when
the sample exhibited “solid-like” behavior with much higher values of storage modulus
G′ compared to the loss modulus G′′; moreover, the moduli were frequency independent,
i.e., G′~G′′~ω0. Such behavior is characteristic for strong gels [37], which are usually, due
to lack of viscous contribution, also very hard and brittle. Under the conditions of small
deformation, strong gels manifest the typical behavior of viscoelastic solids and, above
a critical deformation value, they rupture rather than flow [37]. At other temperatures
examined, the sol to gel transition was similar to the one, explained in Figure 11; except
that the time of gelation process was shorter.
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Figure 11. Dependence of dynamic moduli G′ and G′′ on the frequency of oscillation in the range of
linear viscoelastic response of the WO3 ink. Solid symbols represent viscous modulus G′′, hollow
symbols represent elastic modulus G′.

For chemical, i.e., covalently cross-linked gels formed in our study, linear viscoelastic
behavior has been extensively investigated in the vicinity of the sol-gel transition point.
Winter and Chambon [38,39] showed that at critical gel point dynamic moduli follow
a simple power law: G′ (ω) ≈ G′′ (ω)~ωn, where n depends on the particular gelation
mechanism. In our work, the transition from sol to gel was observed for the sol at 23 ◦C
(Figure 11), where after 22 days the G′ and G′′ depended on the frequency by the order of
0.5 (G′~G′′~ω0.5).

At the end of gelation process the initial Newtonian structure of the sol changed to
solid-like gel at all temperatures examined. The formed gels were examined with oscillatory
tests in linear viscoelastic range to evaluate the influence of the temperature on the structure
of formed gels. For the sake of clarity only gels, formed at temperatures 60 ◦C, 40 ◦C and
20 ◦C, respectively, are presented in Figure 12. The results indicate that all formed gels
exhibited similar dependences of G′ and G′′ on the frequency of oscillation. The differences
in the structure can be observed regarding consistency of the gels. Higher temperature of
the gelation process led to faster gelation process and higher consistency of formed gel.
Thus, the gel, formed at the highest temperature exhibited the highest consistency with the
most “solid-like” structure, while the gel, formed at 20 ◦C, exhibited softer gel structure
with lower consistency.

Figure 12. Dependence of dynamic moduli G′ and G′′ on the frequency of oscillation in the range of
linear viscoelastic response for gels, formed at 60 ◦C, 40 ◦C and 20 ◦C, respectively. Solid symbols
represent viscous modulus G”, hollow symbols represent elastic modulus G’.

38



Coatings 2022, 12, 112

4. Conclusions

The IR analysis of the WO3 sols showed the difference of the cross-linking of the
peroxopolytungstic acid (P-PTA) clusters for the sols based on different alcohols. The most
pronounced cross-linking of the tungsten polyhedral is found for the ethanol, followed by
the 2-propanol based sol. In the WO3 sol based on 2-propoxy ethanol the cross-linking of
the P-PTA is hindered which is demonstrated by the strong presence of terminal W = O
bonds and the peroxo groups in the IR spectra of the corresponding sol. The drying of the
2-propoxy ethanol based WO3 sol at room temperature was not complete as is the case for
ethanol and 2-propanol. The slower evaporation could have slowed down the gelation
process, but the rheological studies show that the gelation was even faster in case of the
WO3 sol prepared by 2-propoxy-ethanol. The reason for the faster gelation can be attributed
to a different way of cross-linking of the tungsten polyhedra through corners and edges
when different alcohols are used. The IR spectra analysis of the gels shows that the WO3
gel based on 2-propoxy ethanol has the solvent kept in the gel structure, the structure of the
P-PTA clusters is to some extent preserved and the cross-linking of the tungsten polyhedra
is not complete which results in a weaker and softer WO3 gel compared to the gels formed
from the ethanol and 2-propanol tungsten sols.

The IR analysis of the 2-propoxy ethanol WO3 gels performed after the gelation of
the WO3 sol in a rheometer at 20 ◦C, 30 ◦C, 40 ◦C, 50 ◦C and 60 ◦C showed no significant
difference on the chemical structure of the WO3 gel which is well in accordance with the
rheological studies confirming similar progress of viscoelastic properties, i.e., elastic G′ and
viscous modulus G′′, during gelation process of WO3 sol. Initial sols exhibit “liquid-like”
behavior with low consistency and only viscous contribution G′′ while during gelation
process the elastic modulus G′ suddenly appeared after a certain time and rise sharply until
it intersected and exceeded the loss modulus G′′. The gelation time decreases exponentially
with the temperature, the gelation of the sol exposed to 60 ◦C was completed in 0.55 h,
while the transition from sol to gel at 20 ◦C was observed not earlier as after ~10 h. To
evaluate the parameters, important for the sol-gel process, the experimental asymmetric
dependences of phase shift angle δ on the time of gelation were fitted with five-parameter
logistic function [35]. The results show excellent agreement of the experimental data with
the predicted values for all five temperatures which enabled the exact determination of the
time at which sol to gel transition occurred (tg), the precise viscoelastic properties of formed
gels (δmin) and the accurate prediction of total rate and time of sol-gel process (W, s).

The ex-situ rheological characterization of WO3 sols prepared with different alcohols
was performed to study the stability of the sol during ageing at RT. The results show that
the fastest gelation for the 2-propoxy ethanol-based sol (22 days), while the 2-propanol
and ethanol remain stable up to 6 and 10 months, respectively. The fresh sol (1 day after
preparation) exhibited Newtonian flow behavior with constant viscosity of 0.0054 Pa.s, after
14 days the sol maintained the Newtonian character, while the viscosity slightly increased
to 0.0065 Pa.s. The first deviation from Newtonian flow behavior was observed on the 21st
day after the preparation. On the 22nd day the G′ equaled G′′, and both moduli depend
on the frequency of oscillation by the order of 0.45 which is characteristic for weak gels.
Gel was formed after 26 days, when the sample exhibited “solid-like” behavior with much
higher values of storage modulus G′ compared to the loss modulus G′′; moreover, the
moduli were frequency independent, i.e., G′~G′′~ω0. Such behavior is characteristic for
strong gels [37], which are usually, due to lack of viscous contribution, also very hard
and brittle.

In overall the results of this study confirmed that in-depth rheological characterization
linked with the IR spectroscopy of the sol-gel inks could provide the information on the
stability of the sol and a better insight on how the temperature influences the gelation
time. It provides the information on the temperature and the time window at which the
continuous inkjet printing of the sol-gel inks could be performed without clogging. The
WO3 ink was stable in a beaker and have Newtonian flow behavior at room temperature
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over 3 weeks, while the gelation time decreases exponentially with the temperature down
to 0.55 h at 60 ◦C.
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Abstract: The performance of an entire ship is increasingly impacted by propellers, which are the
essential components of a ship’s propulsion system that have growing significance in a variety of
aspects. Consequently, it has been a hot research topic and a challenge to develop high-performance
antifouling and anti-cavitation coatings due to the issue of marine biofouling and cavitation faced
by propellers in high-intensity service. While there is an overwhelming number of publications on
antifouling and anti-cavitation coatings, a limited number of papers focus on integrated protective
coatings on propellers. In this paper, we evaluated the development of antifouling and anti-cavitation
coatings for ship propellers in the marine environment as well as their current status of research.
These coatings include self-polishing antifouling coatings, fouling-releasing antifouling coatings, and
biomimetic antifouling coatings for static seawater anti-biofouling, as well as anti-cavitation organic
coatings and anti-cavitation inorganic coatings for dynamic seawater anti-cavitation. This review also
focuses both on the domestic and international research progress status of integrated antifouling and
anti-cavitation coatings for propellers. It also provides research directions for the future development
of integrated antifouling and anti-cavitation coatings on propellers.

Keywords: propeller; antifouling coatings; anti-cavitation coatings; integration technology

1. Introduction

Propellers have been around for more than two hundred years, i.e., since the 19th
century. Propellers have consistently been the preferred option for ship propulsion due to
their notable efficiency and commendable hydrodynamic characteristics. Consequently,
the overall performance and efficiency of an entire vessel are inherently influenced by
the state of the propellers [1]. The presence of microorganisms and proteins in stagnant
seawater poses a significant challenge in the maritime industry, as it leads to the attachment
of marine organisms onto propellers and other materials, resulting in biofouling issues [2].
Simultaneously, the prolonged and rapid rotation of the propeller induces the development
of cavitation on the material surface, leading to fatigue-related degradation of the propeller
blades. Both of these factors have emerged as the primary determinants influencing the
ship’s performance, as depicted in Figure 1. The ship’s propulsion system is expected to
experience significant degradation due to the presence of biofouling and cavitation. These
factors will lead to changes in the propeller’s surface morphology, disrupt its dynamic
balance, and result in reduced efficiency and range, accompanied by increased energy
consumption. At present, the effectiveness of protective coatings, both within national
borders and beyond international contexts, is below the desired standard. The significant
challenges of seawater scouring and cavitation present considerable problems in the pursuit
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of long-lasting protection, rendering it susceptible to succumbing to these deleterious
effects. Therefore, an urgent need for the creation of a comprehensive protective coating for
ship propellers that demonstrates resistance to both dynamic cavitation and static fouling
has arisen.

 

Figure 1. Ship propeller biofouling and cavitation erosion phenomenon and its mechanism diagram.
(A) The phenomenon of marine biofouling and its mechanism; (B) The phenomenon of cavitation
erosion and its mechanisms.

Marine biofouling refers to the phenomenon wherein submerged objects, such as
marine propellers, pumps, turbines, and various components of the hull located beneath the
waterline, become encrusted with biological organisms [3]. The attachment, propagation,
and accumulation of marine organisms on the surface of these objects result in surface
corrosion and material degradation [4]. The organisms responsible for this occurrence
are referred to as marine fouling organisms, which can result in economic losses for
human activities and livelihoods [5]. Additionally, this can result in unavoidable economic
disadvantages in terms of human productivity and livelihood.

Based on statistical data, the global count of marine fouling organisms is estimated
to range between 4000 and 5000 species [6]. Among these organisms, barnacles, mussels,
oysters, and other similar species have been identified as the most detrimental along the
coastal regions of China. The presence of marine fouling organisms has been found to have
a direct impact on ship navigation by increasing the roughness of ship hull surfaces [7].
The presence of these substances has the potential to harm the protective coating designed
to prevent corrosion on the hull, expedite the corrosion process on the underlying metal
surface, escalate maintenance expenses, and result in significant financial setbacks. Accord-
ing to reports, the aggregate economic burden resulting from marine fouling organisms
continues to surpass a staggering sum of 150 billion dollars annually. The proliferation and
attachment of fouling organisms can result in an increase in weight and a decrease in the
speed of a ship’s hull [8]. Moreover, the presence of microorganisms adhered to ships can
potentially exert an influence on the surrounding ecosystem [9].

The intricate process of marine biofouling has been found to be a dynamic and contin-
uous phenomenon that can be divided into four distinct phases, as illustrated in Figure 2.
A wide variety of organic components, including protein molecules, polysaccharides, and
esters, immediately cling to the surface of the material in the early phase after burying
it in saltwater. This phenomenon is attributed to several physical mechanisms, such as
Brownian motion, van der Waals forces, electrostatic forces, and hydrogen bonding. Conse-
quently, a provisional film is formed [10,11]. The subsequent phase involves the prompt
adherence of microorganisms, specifically bacteria, facilitated by the adsorption of the
conditioned film onto the metal substrate’s surface. This process leads to the development
of a biofilm, characterized by the production of metabolic secretions by the microorganisms
and the entrapment of the polymer material itself [12,13]. In the third phase, the organisms
responsible for pollution release various substances such as proteins, polysaccharides,
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nucleic acids, and other compounds. These materials serve the dual purpose of capturing
additional polluting species and providing them with essential nutrients to facilitate their
growth. The fourth stage is characterized by the attachment and accumulation of minute
organisms, leading to the settlement and growth of larvae from larger marine invertebrates
and other organisms on the surface, ultimately resulting in substantial biofouling. The
fouling process described above is generally applicable to the majority of marine organisms
responsible for fouling in contemporary times, although it is not universally consistent.
For instance, certain types of algae spores and barnacle larvae have the ability to directly
adhere to material surfaces without the need for biofilms [14]. Furthermore, the marine
environment exhibits a diverse array of marine fouling organisms, alongside its inherent
complexity and variability. Several factors within the marine environment can affect the
adhesion of marine fouling organisms to propeller surfaces. These factors include tempera-
ture, current velocity, shear stress, pH of seawater, and salinity. Each of these factors exerts
a distinct influence on the fouling phenomenon that manifests on the surface of propellers.

 

Figure 2. Diagram illustrating the marine biofouling process [15].

Cavitation is a unique form of erosion–corrosion that almost every propeller suffers
from. The phenomenon of cavitation was initially observed and postulated in 1887 by the
esteemed British scientist S.W. Barnaby during an investigation into the propeller efficiency
of maritime vessels [16]. Currently, it is widely accepted that there are two factors con-
tributing to the material degradation resulting from cavitation, as indicated in [17]. The
initial cause can be attributed to the mechanical force that is generated upon the bursting
of the bubble. The impact pressure wave generated by the collapse of the bubble at its
center induces surface alterations in the nearby materials, leading to consequential material
degradation [18]. On the other hand, the bubble undergoes collapse when subjected to
deformation, and this deformation intensifies as the pressure increases, thereby facilitating
the formation of a high-velocity microjet. These repeated impacts can lead to local plastic
deformation of the materials and mass removal [19]. Furthermore, as a consequence of
the influence of thermodynamics, when the bubble undergoes collapse within a region of
elevated pressure, the vapor contained within the bubble, characterized by low pressure,
swiftly condenses. This condensation process results in the liberation of a substantial
quantity of heat, thereby inducing thermal damage of high temperature to the material [20].
However, propeller cavitation in a real marine environment involves the cooperative effects
of mechanical-related corrosion and electrochemical corrosion, which act synergistically to
accelerate the corrosion processes and therefore can be called erosion–corrosion. Cavitation
is a prevalent and significant concern in hydraulic systems, encompassing various compo-
nents such as turbine blades, valves, propellers, pipelines, and others. This phenomenon
poses substantial financial losses and safety risks within industries such as ship water
conservancy [21]. Based on the findings of the British Ship Research Association (BSRA), it
has been observed that despite the relatively small surface area and volume of the propeller,
the combined effects of biofouling and cavitation contribute to nearly one-third of the
total loss [22]. Consequently, it is crucial to the utilization of integrated technology for the
purpose of propeller surface antifouling and anti-cavitation.
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2. Antifouling Coatings

The phenomenon of hull biofouling is characterized by its intricate and multifaceted
nature. Various aspects such as different sections of the hull, depth of immersion, speed of
the current, and additional factors play a significant role in determining the attachment
behavior of marine fouling organisms. Organisms exhibiting robust adhesion tend to cause
fouling on propellers as a consequence of prolonged exposure to seawater and the rapid
rotational motion they experience. In a broad sense, fouling is primarily affected by the
surface properties of the material, including the substrate’s surface energy, wettability, and
microstructure, among other factors. One of the most prevalent and efficacious methods for
accomplishing this objective involves the utilization of antifouling coatings. Consequently,
the deliberate alteration of the surface structure represents a more straightforward approach
to managing fouling. Based on the antifouling properties exhibited by coatings, it is
possible to categorize common antifouling coatings into three main types: self-polishing
antifouling coatings, fouling release antifouling coatings, and bionic antifouling coatings.
The application of antifouling coatings on propellers has the potential to mitigate energy
dissipation, minimize frictional resistance between the propeller surface and saltwater, and
restrict the attachment of marine fouling organisms [23]. As a result, the propellers of the
ship will exhibit enhanced operational efficiency and durability, thereby more effectively
fulfilling diverse requirements and minimizing financial losses.

2.1. Self-Polishing Antifouling Coatings

Self-polishing antifouling coatings function through the gradually hydrolyzing poly-
mers, resulting in the formation of a peel layer on the external surface of the coating. The
presence of this layer serves as a deterrent for marine fouling organisms, impeding their
ability to adhere to surfaces such as ship propellers [24,25]. During the early 1970s, the
development of organotin self-polishing antifouling coatings took place, utilizing analogs
of butyltin (TBT) [26]. The primary function of this coating principle is to apply a coat-
ing onto a resin material based on acrylate, facilitating the hydrolysis of ester bonds and
subsequently releasing the antifouling effect of TBT. Figure 3A provides an illustration of
this technique. Simultaneously, the incorporation of an antifouling agent, such as cuprous
oxide, within the paint film enables the release of copper ions. The combined effect of these
ions enhances the coating’s ability to resist fouling from a wide range of organisms. The
process commonly known as “self-polishing” involves the application of a coating onto a
surface base material, which is subjected to a continuous flow of seawater. This constant
exposure to seawater results in the ionization of dissolved salts and a continuous alteration
of the surface, leading to its self-polishing effect.

Upon its initial implementation, the coating quickly gained dominance in the antifoul-
ing coating industry [27]. Nevertheless, the persistent utilization of organotin antifouling
coatings has revealed that tributyltin (TBT), despite its remarkable efficacy in preventing
fouling, exhibits significant toxicity, particularly towards fish and shellfish. This toxicity
poses a substantial threat to marine organisms, thereby endangering the marine ecosystem
and potentially leading to species extinction [26]. In 2001, the International Maritime Orga-
nization (IMO) issued a declaration stating that the utilization of TBT antifouling coatings
on commercial vessels worldwide would be banned, effective from 2008. Consequently,
there has been a shift in research attention towards the advancement of environmentally
friendly antifouling coatings. Subsequently, scholars employed organic copper, organic
zinc, organic silicon, and various other elements [28–30] as alternatives to organotin in the
formulation of antifouling coatings that are both tin-free and possess reduced toxicity. The
grafts mentioned above exhibit a lower ionic antifouling capacity compared to organotin.
Therefore, the inclusion of a copper antifouling agent is typically necessary during the
preparation process to ensure a satisfactory antifouling effect [31].

The researchers have integrated acrylic acid and polyurethane copolymers that are
capable of undergoing hydrolysis in seawater into the coatings, with the aim of devel-
oping environmentally sustainable self-polishing coatings that exhibit strong antifouling
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characteristics [25]. Xuezhi Jiang and colleagues [32,33] from Wuhan University of Technol-
ogy employed acrylic acid chloride as a chemical modifier for glyphosate, subsequently
undergoing a sequence of polymerization reactions to produce polyacrylic acid resins
featuring glyphosate side-linked branches. These resins were then subjected to fouling
bio-inhibition experiments. The findings indicated that the polyacrylic acid resin, which
featured glyphosate side-chained branches, exhibited an attachment inhibition rate of 41%
for barnacle Venus larvae. Moreover, the highest observed attachment inhibition rate of
46.9% was achieved for Rhodophyta crescentica. The team led by Professor Xia Li at Ocean
University of China [34] conducted a study where they introduced indole derivatives
(NPI) as side chains into acrylic resins through the process of free radical polymerization.
The researchers then evaluated the resulting resins for their self-polishing and antifouling
properties. The findings of the study indicate that the copolymer exhibited significant
antifouling characteristics due to the synergistic effect of the acrylate’s self-polishing capa-
bility and the antifouling property of the indole derivative, as depicted in Figure 3B. Boron
acrylate polymers were synthesized by Professor Rongrong Chen’s team at the Harbin Insti-
tute of Technology [35]. Pyridine-diphenyl-borane with hydrolysis function was employed
as the side chain in the synthesis process. The experimental findings indicated that these
polymers exhibited enhanced antifouling properties against diatoms. Furthermore, the
polymers demonstrated improved antifouling effects in suspension experiments conducted
in the Yellow Sea of China. The research team led by Professor Chunfeng Ma from the
South China University of Technology [36] synthesized a polyurethane with main chain
degradability using N-2,4,6 trichlorophenylmaleimide (TCPM) through the integration
of the mercapto-alkene reaction and condensation reaction. The subject of investigation
involved conducting hydrolysis experiments to examine the release of TCPM in relation to
the degradation of the polyurethane main chain. The experimental results demonstrated
that TCPM was indeed released during this procedure. Simultaneously, the degradation
rate of the material would exhibit a decrease as the quantity of TCPM content increases,
thereby promoting the enhancement of antifouling material durability. The antifouling ca-
pability of a polyurethane material has been demonstrated through experiments conducted
on marine pegboards. The observed phenomenon can be attributed to the regulated rate
at which the material undergoes surface self-renewal, as well as the release of antifouling
chemicals that occurs as a consequence of its degradation.

 

Figure 3. (A) Hydrolysis mechanism of organotin self-polishing resins; (B) Schematic diagram of
the antifouling mechanism of NPI and acrylate resin copolymer [34] with permission (Copyright ©
2023, Elsevier).
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2.2. Fouling Release Antifouling Coatings

The efficacy of fouling-release antifouling coatings is primarily attributed to the in-
herent ability of marine fouling organisms to adhere to the surface of the coating and
subsequently accumulate fouling materials with ease. Conventional fouling-release an-
tifouling coatings possess low surface energy, thereby facilitating the removal of fouling
through mechanical cleaning methods or minimal application of shear force. The aforemen-
tioned coatings exhibit consistent fouling-release properties and demonstrate enduring
antifouling effects, as depicted in Figure 4A [37,38]. The efficacy of fouling-release an-
tifouling coatings is typically influenced by various factors, including the thickness of the
coating, its modulus of elasticity, surface roughness, and other parameters, as well as the
material’s hydrophobicity and low surface energy [39]. The antifouling performance of
hydrophobic samples can be attributed to the inherent material properties and surface
roughness, which can effectively trap air bubbles in the interstices. This, in turn, reduces the
contact between protein organisms and the sample surface [40]. Fouling-release antifouling
coatings have garnered significant attention in recent years due to their exceptional envi-
ronmental compatibility [41,42]. In marine contexts, the implementation of this coating has
the potential to mitigate the navigational resistance of ships by virtue of its smooth surface,
thereby resulting in reduced economic consumption, such as fuel usage, and the enhanced
longevity of ships, particularly with regard to propellers.

Currently, the two most commonly employed substances for fouling-release coatings
are organ-silicone polymers and organ-fluorine polymers. This is primarily attributed
to the limited strength of the interactions between chain segments containing silicone
or fluorine and protein biomolecules, which renders them inadequate for the formation
of biofouling [43,44]. In a study conducted by Yarbrough et al. [45] at the University of
North Carolina at Chapel Hill, a set of perfluoro polymer brushes was fabricated on a
glass substrate. The presence of functional groups, specifically perfluorooxymethylene,
on the surface of the glass was found to significantly enhance its low-surface-energy
properties. Consequently, the material exhibited improved resistance to protein adsorption
and possessed fouling-release properties. Experimental investigations on the antifouling
capabilities of the coatings demonstrated a remarkable 90% fouling release efficiency
against microorganisms. The researchers led by Professor Chunfeng Ma from the South
China University of Technology [46] developed a metal–ligand crosslinked organosilicon
coating. The experimental results suggest that this coating exhibits enhanced self-healing
and antifouling characteristics.

The aforementioned materials, which possess either hydrophilic or hydrophobic prop-
erties and have a single graft on their surface, still fail to achieve the intended antifouling
effect. The development of a dirt-releasing coating has been achieved by researchers, which
demonstrates the ability to prevent the attachment of fouling organisms and decrease the
adhesion force between fouling and the surface of the material. This has been accomplished
through the continuous optimization of the physical and chemical parameters of the coat-
ings, as well as the rational design of the molecular structure. Furthermore, the coating
exhibits effective protein adsorption prevention properties and possesses amphiphilic
characteristics due to the presence of both hydrophilic and hydrophobic components. Ad-
ditionally, it demonstrates certain capabilities for releasing dirt. The research team led by
Professor Lingmin Yi at Zhejiang University of Technology [47] developed an amphiphilic
polymer. This polymer is composed of a flexible fluorosilicon macromonomer, which
serves as the hydrophobic component with a low surface energy, and an amphiphilic
monomer, which acts as the hydrophilic component. This molecular structure is depicted
in Figure 4B. The experimental results indicate that the coated surface effectively retained a
substantial quantity of low-surface-energy fluoro silicone particles, even when immersed
in water. A copolymer coating was synthesized by carefully adjusting the proportions of
hydrophilic and hydrophobic surface segments, resulting in a coating with remarkable
protein resistance. The researchers led by Junpeng Zhao from the South China University
of Technology [48] synthesized amphiphilic polyurethane coatings with heterostructures
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by incorporating poly(ethylene oxide) and birch alcohol. The experimental findings demon-
strated that these coatings exhibited favorable characteristics in terms of protein adsorption
resistance and fouling release properties. In a study conducted by Wooley et al. (University
of Washington, USA), a polymer brush was synthesized using hydrophilic PEG chains and
crosslinked hyperbranched fluorinated units. The researchers then performed simulated ex-
periments using bovine serum protein as the fouling material [49]. The findings of the study
indicated that the amphiphilic polymer brush exhibited enhanced efficacy in preventing
protein adhesion, superior performance in resisting fouling, and improved ability to release
fouling. In a work by Martinelli et al. (University of Pisa, Italy), they conducted a study in
which they synthesized polystyrene polymer brushes containing amphiphilic side chains
(PEG-b-PTFE). These brushes exhibited distinct phase regions attributed to the hydrophilic
and hydrophobic components present. Upon exposure to water, the conformation of the
brushes underwent changes, resulting in an increase in surface roughness and subsequent
enhancement of inhomogeneity [50]. The results of the investigation into the degree of
adhesion that various microorganisms and proteins showed to the surface suggested that
the coated surface had a more significant antifouling effect.

 
Figure 4. (A) Fouling release coating mechanism [51]; (B) Antifouling mechanism of amphiphilic
copolymer [47] with permission (Copyright © 2023, American Chemical Society).

2.3. Bionic Antifouling Coatings

Numerous organisms in the natural environment possess remarkable antifouling
characteristics owing to their distinct surface morphology and properties, rendering them
highly resistant to the attachment of other organisms. As a result, when developing
antifouling coatings, researchers frequently take inspiration from biological mechanisms.
Presently, the prevailing body of research pertaining to biomimetic antifouling coatings
can be categorized into two distinct groups. The initial approach involves the utilization of
naturally derived antifouling agents, including terpene sugars emitted by certain marine
organisms [52] and halofuranones [53], as well as extracts from terrestrial plants such as
capsaicin [54] and carvacrol [55], all of which possess specific antifouling characteristics.
One approach involves employing micro- and nano-construction techniques to replicate
the biological surface properties of lotus leaves and sharks, as depicted in Figure 5A.

In the field of marine antifouling, there is an expectation that environmentally friendly
antifouling agents will utilize natural compounds with comparable efficacy to effectively
combat fouling. Nevertheless, there exist certain limitations in the present scenario, includ-
ing intricate extraction processes and inadequate stability [55]. Consequently, it becomes
imperative to establish a harmonious combination of natural antifouling agents and resin
carriers to guarantee their stability and regulated release. The research team led by Jinggang
Gai from Sichuan University [56] employed guanidine groups as antifouling agents in the
fabrication of filter membranes. The results indicated that the membranes exhibited excep-
tional antifouling properties along with a notable selectivity in permeability. The research
team led by Professor Peiyuan Qian from The Hong Kong University of Science and Tech-
nology [57,58] developed a butenolide-based antifouling agent. This agent was prepared by
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utilizing polycaprolactone-based (PCL) polyurethane as a carrier, enabling a gradual and
regulated release of the antifouling agent due to the biodegradable properties of the resin.
The experimental results, depicted in Figure 5B, demonstrated that the developed agent
exhibited a certain level of antifouling efficacy against larvae of marine fouling organisms.
A research team led by Professor Xiaoli Zhan from Zhejiang University [59] employed a
polycondensation reaction to graft modified coumarin and eugenol onto polyurethane side
chains. This process was utilized to develop a polydimethylsiloxane (PDMS)-based marine
antifouling polyurethane coating with smart properties. Based on the results, the layer
exhibited enhanced mechanical properties, antibacterial properties, and resistance against
algae growth. Additionally, it demonstrated a notable marine antifouling performance
lasting for a duration of 9 months. These findings suggest promising prospects for the
application of this layer in the field of marine antifouling.

The surfaces of shark skin and lotus leaves exhibit robust biofouling inhibition and
self-cleaning properties, effectively preventing the attachment of fouling organisms such as
barnacles and algae to the underlying substrate material. A collaborative effort between
researchers from the University of Florida, USA, and the University of Birmingham, UK,
resulted in the development of a microstructured antifouling coating inspired by shark
skin [60]. This coating demonstrates a significant reduction of 85% in the attachment rate
of macroalgae spores while also exhibiting a favorable effect on drag reduction. In their
study, Zheng et al. conducted research at the Wuhan University of Technology to fabricate
a polyurethane surface with lotus leaf characteristics [61]. This was achieved by utilizing
the natural lotus leaf as a template through the replica molding method. The resulting
surface exhibited a notable decrease in protein adsorption compared to its pre-construction
state, resembling the lotus leaf’s distinctive properties. In the realm of antifouling surface
modification strategies, chemical surface modification is employed alongside physical
alterations in the surface microstructure. The prevailing technique employed in current
research is polymer brushing, characterized by a substantial polymer density, strong
adherence to the water layer, and the ability to readily incorporate functional groups
with anti-adhesion properties. The presence of the polymer creates a physical barrier
that effectively maintains a predetermined distance between dirt particles and the surface
of the material, thereby resulting in the attainment of antifouling properties. Qian Ye
et al. [62] conducted a study at Northwestern Polytechnical University where they utilized
3D printing technology to create a surface resembling shark skin, which was then modified
with a poly ionic liquid brush. The researchers used bovine serum protein as a model
for fouling in their experiments, as depicted in Figure 5C. The findings indicated that the
surface exhibited a superior anti-protein adhesion efficacy. The initial discovery of the
remarkable anti-protein adhesion properties of polyethylene glycol (PEG) derivatives was
made by Prime et al. [63] at Harvard University. The anti-protein adhesion properties of
novel copolymers of poly (ethylene glycol) methacrylate (AEM-PEG) on glass substrates
were discovered by Lonov et al. [64] from the Max Planck Institute in Germany. This
finding is illustrated in Figure 5D. Additionally, the researchers highlighted the copolymers’
advantageous features, including their low cost, ease of use, and compatibility with aqueous
solutions. In a study conducted by Philip et al. [65] at the University of Texas, it was
observed that the presence of bovine serum protein as a simulated fouling agent on the
substrate surface was reduced to a minimum when the polyethylene glycol (PEG) content
was 45%. This finding can be attributed to the decrease in the size of the split-phase region,
which occurs as the PEG content decreases. The dimensions of an object have an impact on
the ability of proteins and marine organisms, including microorganisms, to adhere to the
material’s surface.

Micro- and nano-structured antifouling materials predominantly leverage their mi-
crostructure to hinder the attachment of fouling organisms without causing any detrimental
effects on the marine ecosystem. This contrasts with traditional antifouling techniques,
which entail discharging antifouling substances. The majority of micro- and nanostruc-
tures are predominantly composed of soft materials, including silicon wafers, PDMS, and
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similar substances. Currently, there is a scarcity of research pertaining to microstructured
antifouling techniques specifically tailored for the hard metals employed in ship propellers.
Moreover, the high method employed for such purposes is accompanied by certain limita-
tions, including a complex procedural approach and substantial financial expenses. These
factors collectively impede the widespread application of micro-nanostructures within the
domain of ship propeller antifouling.

Figure 5. (A) Surface of lotus leaf and its SEM image [66] with permission (Copyright © 2023, Ameri-
can Chemical Society); (B) Mechanism diagram of natural antifouling agent to achieve antifouling
performance using resin as a matrix [58] with permission (Copyright © 2023, American Chemical
Society); (C) Mechanism of preparation of poly ionic liquid brush grafted imitation shark skin sur-
face [62] with permission (Copyright © 2023,Elsevier); (D) Mechanism of anti-protein adhesion of
linear PEG polymer brushes on glass substrates [64] with permission (Copyright © 2023, American
Chemical Society).

3. Anti-Cavitation Coatings

The propeller, as the primary power system of a ship, exerts a substantial influence on
the ship’s operational lifespan owing to its prolonged and high-velocity operation, which
gives rise to cavitation erosion. Currently, the mitigation of cavitation erosion in ship
propellers is commonly addressed through two methods. Initially, the material undergoes
surface modification treatment to enhance its anti-cavitation properties. Alternatively,
research and development efforts are focused on exploring novel materials with superior
characteristics in this regard. Nevertheless, the implementation of these modifications
is limited due to the time-consuming and arduous nature of new material research and
development. The second approach involves the application of material surface modifica-
tion treatments, such as surface nitriding technology and surface coating technology [67].
These treatments have the potential to significantly mitigate cavitation damage in the
overcurrent region by implementing anti-cavitation coatings. Surface coating technol-
ogy has garnered significant attention due to its ability to provide long-term protection
against cavitation-induced damage to materials [68]. Surface coating technology plays a
significant role in mitigating cavitation effects. Based on the divergent characteristics of
their constituent materials, the prevailing anti-cavitation coating technologies currently
employed can be classified into two primary categories: organic coatings and inorganic
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coatings, predominantly comprising metal coatings. The enhancement of the material’s
resistance to cavitation in organic coatings is primarily achieved through the utilization
of the material’s elastic properties to effectively absorb the energy generated during the
cavitation process. Firstly, it is important to note that the application of metal coatings
serves to enhance the fatigue resistance of the material surface, thereby improving its ability
to withstand cavitation-induced damage. This is achieved through the utilization of the
material’s inherent hardness, relatively elevated mechanical properties, and resistance to
high temperatures. The approach has been extensively developed.

3.1. Cavitation-Resistant Organic Coatings

In recent years, there has been a growing interest among domestic and international
researchers in organic coatings for ship propellers and other overcurrent components that
are required to function in seawater for prolonged durations. These coatings possess
unique properties that effectively minimize the risk of corrosion in seawater. Moreover,
they offer additional advantages such as affordability, ease of operation, and the ability
to easily regulate their molecular structure. In recent years, there has been a significant
increase in scholarly attention, both domestically and internationally, towards this subject
matter. Currently, the most extensively studied polymer organic coatings for anti-cavitation
purposes encompass polyurethane elastomers and polyurea elastomers. And considering
the need for environmental protection, they use waterborne polymers more often. However,
the organic coatings have poor abrasion resistance and low binding force with the surface
of materials. So it is very vulnerable to falling off under the frequent impact of a periodic
alternating cavitation force, which has become a major obstacle to application.

Polyurethane is a polymer material that consists of a diisocyanate-coupled polyether
soft segment and a macromolecule diisocyanate hard segment. The soft segment im-
parts elasticity and flexibility to the system, while the hard segment allows for reversible
crosslinking. Polyurethane exhibits favorable mechanical properties, such as resistance
to abrasion and corrosion, along with the advantages of high strength and robust tough-
ness [69]. Simultaneously, it is worth noting that polyurethane elastomer exhibits a notable
loss factor, thereby facilitating the dissipation of a substantial amount of energy upon
encountering external vibrations or impacts. This property effectively mitigates external
harm and renders it a superior material for anti-cavitation purposes [70,71]. During the
cavitation process, the molecular chain segments of polyurethane undergo softening due to
the repetitive impacts from the airflow and microjet. Simultaneously, motion deformation
takes place to absorb the energy generated by these impacts, as depicted in Figure 6A.

The initial application of polyurethane as a coating to prevent cavitation occurred in
the year 1996. In a study conducted by Liangmin Yu et al. [72], a polyurethane coating
was applied to propellers and other components to assess its effectiveness in mitigating
cavitation. The findings indicated that the coating exhibited superior anti-cavitation prop-
erties and adhesion. However, it was observed that the coating had a shorter service life.
Hydrophobic polydimethylsiloxane-based polyurethanes (Si-PUx) were synthesized by
Professor Rongrong Chen’s research team at Harbin Engineering University [73]. The syn-
thesis involved a polycondensation reaction utilizing hydroxypropyl polydimethylsiloxane
(H-PDMS) and polytetramethylene glycol (PTMG) as the soft segments and 2,4-toluene
diisocyanate, 1,4-butanediol, and triethanolamine as the hard segments. Based on the
results obtained, it was observed that the cavitation resistance of Si-PUx coatings exhibited
a consistent increase with the progressive augmentation of H-PDMS content. However,
a decrease in the adhesion of Si-PUs coatings was observed as the level of H-PDMS in-
creased. The figure depicted in Figure 6B illustrates the surface morphology of Si-PUx
and epoxy coatings subjected to varying cavitation durations. It is noteworthy that the
Si-PUx coating, which incorporated 12.5 wt% of H-PDMS, exhibited a remarkably low
accumulated mass loss of merely 2.96 mg. Following a duration of 80 h of cavitation
testing, the surface demonstrated exceptional resistance to cavitation as it remained free
from any observable fractures or voids throughout the entire testing period. In their study,
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Qinghua Dai et al. [74] employed a three-layer composite coating approach to develop a
cavitation-resistant polyurethane coating. The top layer consisted of polyurethane, while
the intermediate layer was composed of a combination of epoxy and polyurethane inter-
penetrating resin. The primer layer, on the other hand, was made of epoxy resin. This
composite coating exhibited enhanced mechanical properties and demonstrated superior
adhesion to multiple substrates. The coating exhibited minimal surface degradation fol-
lowing 200 h of cavitation experiments, indicating superior resistance to cavitation. The
cavitation resistance of polyurethane coatings reinforced with carbon nanofibers (CNFs) in
seawater was examined by Lee et al. [75] through the application of the ultrasonic vibration
method. The findings of the study demonstrated that the polyurethane coating lacking
cellulose nanofibers (CNFs) exhibited the least resistance to cavitation. This suggests that
the incorporation of CNFs has the potential to enhance the coating’s ability to withstand
the impact pressure resulting from the rupture of cavitation bubbles. Meanwhile, the
polyurethane coatings that were supplemented with fluorine exhibited exceptional resis-
tance to cavitation. The observed phenomenon of enhanced resistance to cavitation in
polyurethane may be attributed to the synergistic effect between CNF and fluorine, which
influences the material’s structural properties. In a study conducted by Ning Qiu et al. [67]
at Zhejiang University, various coatings including epoxy, ceramic, and polyurethane were
applied onto rigid alloy surfaces in order to evaluate their resistance against cavitation.
The primary factors influencing the cavitation durability of the coatings were found to
be the adhesion and thickness of the coatings. Furthermore, upon analyzing the degrada-
tion mechanism of the coatings, it was determined that polyurethane coatings exhibited a
prolonged latent period, thereby enhancing the materials’ resistance to cavitation.

 

Figure 6. (A) Cavitation resistance mechanism of polyurethane elastomer coating [73]; (B) SEM
image of Si-PUx and epoxy coatings at different cavitation times [73] with permission (Copyright ©
2023, Wiley).

The emergence of polyurea as a corrosion-reducing coating with impact-resistant
properties was initially observed in the 1980s [76]. Polyurea is a type of elastomeric
substance that is produced through the chemical reaction between isocyanate groups and
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amino compounds. This material is characterized by its solvent-free nature, making it
environmentally friendly. Additionally, it exhibits remarkable resistance to moisture and
humidity, along with exceptional mechanical properties, including good corrosion and
weather resistance. Furthermore, this material finds widespread application in various
domains such as corrosion resistance, abrasion resistance, and waterproofing [76,77]. In
their study, Shi Feng et al. [78] synthesized a range of polyurea anti-cavitation coatings
by varying the concentration of MOCA, HDI trimer prepolymer, and polyaspartic ester.
MOCA was employed as the chain extender in this two-component system. The findings
indicate that the polyurea coatings produced exhibit favorable flexibility and notably
superior resistance to cavitation compared to metal coatings. However, it is worth noting
that these polyurea coatings have a relatively restricted lifespan. The researchers Marlin
et al. [79] discovered that the failure of the coating was a result of the combined impact of
locally transmitted impulse load and material heating. This conclusion was drawn based
on their examination of the cavitation surfaces of the polyurea coatings. Furthermore,
the resistance of the coating to cavitation is influenced by various factors, including the
polyurea composition, the intensity of the cavitation field, the substrate material, the coating
thickness, and several other contributing elements. Corrosion and temperature are also
affected by these factors.

In comparison to polyurethanes, polymers featuring urea bonding exhibit enhanced
responsiveness, thereby expediting the spraying procedure for polyurea coatings and
simplifying their application on large-scale equipment such as ships. In the actual cavitation
process, the use of polymer coatings may have some small polymer particles shedding
into the ocean, but waterborne polymers do not have a significant impact on the marine
environment and organisms, and most of them are environmentally friendly.

3.2. Cavitation-Resistant Inorganic Coatings

Inorganic coatings designed to mitigate cavitation on ship propellers encompass
various options, such as copper alloy coatings, stainless steel coatings, nickel plating, and
ceramic coatings. The predominant techniques employed in the modification of propeller
surface metal anti-cavitation coatings consist of thermal spraying technology, surface laser
modification technology, surface nitriding technology, and surface plasma modification
technology, among others.

The phrase “thermal spraying technology” encompasses the procedure of elevating
the temperature of the material intended for spraying until it reaches a molten or partially
molten state. Subsequently, this material is expelled at a predetermined velocity to form a
protective layer on a previously prepared substrate. The process exhibits traits such as oper-
ational flexibility, a high rate of material deposition, and the ability to control the thickness
of the coating. Currently, the thermal spraying materials that are predominantly utilized
encompass cobalt-based alloys, nickel-based alloys, and other similar materials [80]. In their
study, Gu et al. [81] employed Cu95 as the coating material and employed thermal spraying
technology to conduct propeller corrosion experiments. The findings of the study indicate
that the coatings mentioned above exhibit exceptional resistance to cavitation and corrosion
in seawater. Consequently, these coatings can be effectively employed as protective surface
coatings for propellers made of manganese-copper alloy. Amarendra and colleagues [82]
fabricated a thermal spray coating consisting of 70% nickel and 30% chromium through the
utilization of the high-velocity oxygen fuel (HVOF) process. The researchers subsequently
conducted an examination and comparison of the cavitation resistance between the ther-
mal spray coating and the uncoated martensitic stainless steel (ss410). Furthermore, the
researchers conducted experiments to assess the hardness, bending, and peeling character-
istics of the specimens. The results indicated that, when subjected to identical conditions,
the coated specimens exhibited significantly higher resistance to cavitation compared to
the uncoated specimens. Moreover, the cavitation resistance of stainless steel 410 (ss410)
can be significantly enhanced through the application of high-velocity oxygen fuel (HVOF)
coating, which employs a combination of brittle and ductile erosion mechanisms. The afore-
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mentioned findings were revealed as a result of the analysis conducted on the specimens.
In their study, Szala et al. [83] employed supersonic flame spraying as a technique to apply
HVOF coatings of MCrAlY and NiCrMoFeCo onto a stainless steel substrate, specifically
AISI310 (X15CrNi25-20). Subsequently, cavitation experiments were conducted using the
vibration method. The results of the study indicate that the MCrAlY coating exhibited
a comparatively reduced level of wear resistance in comparison to the NiCrMo coating.
Meanwhile, the sliding wear resistance of the alloy demonstrates enhancement as the nickel
content proportionately increases.

The technology of surface laser modification has its origins in the 1960s. It involves the
utilization of high-energy density laser irradiation to treat the surface of metallic materials,
resulting in the formation of an alloy layer with distinct properties. The introduction of
alloy layers has the potential to alter the structural arrangement, hardness, density, and
uniformity of the material, thereby enhancing its resistance to cavitation. Furthermore, the
preservation of the material’s bulkiness facilitates the development of the alloy system’s mi-
crostructure and the formation of substable phases. The primary techniques encompassed
within this method are laser surface alloying (LSA), laser cladding (LSC), laser melting
condensation (LSM), and various other processes [84]. In their study, Lian Fen et al. [85]
employed surface laser modification as a technique to create texturization on Ti6Al4V
alloy. The grid-textured specimens exhibited superior strength and cavitation resistance
compared to the straight-textured specimens, owing to their elevated surface hardness,
broader hardness gradient, and even distribution of prominent high-hardness regions.

Laser surface alloying (LSA) is a technique that involves the use of laser light and solid-
phase material to perform directional energy-beam-assisted surface alloying. The thermal
phenomenon resulting from the interaction between the laser and solid-phase substances
leads to the melting of the metal surface, including the alloying elements that have been
introduced. Subsequently, rapid condensation occurs, resulting in the formation of a coating
on the substrate’s surface. The alloying elements can be incorporated using either the direct
injection method or the pre-painted coating method [86]. In the study conducted by
Yi [87], laser alloying technology was employed to fabricate high entropy alloyed coatings
with diverse compositions on the surface of 304 stainless steel while ensuring controlled
atmosphere conditions. Following a 5 h cavitation process, it was observed that the high
entropy alloyed coating exhibited no material spalling on the surface of the sample material.
Additionally, there was no apparent plastic deformation and a significant reduction in the
cavitation phenomenon. These findings indicate that the coating demonstrates superior
resistance to cavitation when compared to 304 stainless steel. Laser cladding (LSC) refers
to the process of applying an alloy or composite material as a protective layer onto the
surface of a substrate. The production of protective surface materials can greatly benefit
from its extensive range of potential applications and value. To improve the mechanical
properties and resistance to cavitation of 17-4PH stainless steel, Ding et al. [88] employed
laser technology to implement two different surface treatments. One method entails the
laser-induced solidification of tungsten-chromium-cobalt alloy powder, resulting in its
hardening, whereas the other method involves the application of a laser coating onto the
alloy surface. The findings indicate that the application of heat treatment and laser cladding
techniques can potentially enhance the hardness, Young’s modulus, resistance to plastic
deformation, and resistance to cavitation of the alloy. Although the laser cladding treatment
did not significantly enhance the hardness of the steel, it outperformed the laser heat
treatment in terms of augmenting the steel’s Young’s modulus and resistance to cavitation.
In a study conducted by Zhang Song et al. [89], a laser melting technique was employed
to apply a NiCrBSi coating onto the surface of an aluminum alloy. The objective of this
approach was to enhance the material’s resistance against cavitation. The application of the
laser melting solidification (LSM) technique results in an improved resistance to cavitation
by promoting a more uniform distribution of applied force. Ren Yuhang [90] employed
a combination of laser cladding technology and laser melting coagulation technology.
Initially, a laser melting coagulation treatment was performed on the surface of stainless
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steel, followed by a subsequent treatment using laser melting cladding technology on NiTi
alloy. This approach resulted in an enhancement of the material’s resistance to cavitation.

The term “surface nitriding technology” encompasses various methods such as plasma
nitriding and ion nitriding, which are employed to modify the surface properties of a
material. These techniques aim to introduce a durable nitride coating that can effectively
integrate with the substrate, thereby improving the material’s resistance to cavitation. In a
study conducted by Huang et al. [91] from Feng Chia University in Taiwan, it was observed
that ion nitriding had a significant effect on enhancing the cavitation resistance of carbon
steel. The cavitation resistance of 316L stainless steel in seawater was examined by Chong
et al. [92] following ion nitriding at various temperatures. The plasma nitriding process
was conducted with a N2 to H2 ratio of 1:4 at temperatures ranging from 400 to 500 ◦C for
a duration of 10 h. An improvement in cavitation resistance was observed as the nitriding
temperature was raised from 400 ◦C to 500 ◦C. When comparing the untreated samples to
the treated ones, it was observed that the material exhibited a notable reduction in weight
loss and damage rate within the temperature range of 400 to 500 ◦C. Additionally, the
hardness, mechanical properties, and resistance to cavitation of the material exhibited
a significant increase. In a study conducted by Szkodo et al. [93], stainless steel was
subjected to nitriding treatment. The researchers observed that the surface layer of the
nitrided stainless steel exhibited significantly enhanced cavitation resistance compared to
the reference samples. In their study, Mitelea et al. [94] employed gas nitriding technology
to fabricate coatings on the surface of aluminum alloys. This approach demonstrated a
significant enhancement in the cavitation resistance of the alloys.

Currently, the predominant technique for surface plasma modification involves the
introduction of metal ions, such as nitrogen (N) or boron (B), into the plasma to enhance
surface hardness. Another commonly employed method is cathodic arc ion plating, which
results in the deposition of a wear-resistant plating layer with high hardness. These
modifications serve to enhance the material’s resistance to cavitation. The cavitation
resistance of cathodic arc ion plating is significantly influenced by the strength of the bond.
Based on the findings of Krella et al. [95], it was observed that the TiN coating exhibits
optimal bonding strength with the substrate at a temperature of 350 °C. Conversely, the
CrN layer demonstrates superior bonding strength with the substrate at a temperature of
500 ◦C, resulting in reduced mass loss and improved resistance against cavitation.

In brief, the application of inorganic coatings has demonstrated the potential to mit-
igate material and economic detriments arising from cavitation, thereby enhancing anti-
cavitation efficacy to a certain degree. However, in real-world scenarios encompassing
corrosive settings like the ocean, as well as in critical components such as propellers neces-
sitating prolonged operation at high velocities amidst overcurrent circumstances, metal
coatings are susceptible to electrochemical corrosion, thereby diminishing their longevity
to a certain extent. Simultaneously, the process requirements for these surface treatment
technologies are comparatively stringent, thereby rendering their implementation more
challenging. When comparing metal coatings to organic coatings, it is observed that organic
coatings possess several advantages. These advantages include lower cost, increased oper-
ational flexibility, and the potential for certain organic coatings to exhibit elasticity. This
elasticity enables the absorption of energy released during the cavitation process, thereby
enhancing the material’s resistance to cavitation. The issue of cavitation resistance has
garnered significant interest in the realm of ship propeller protection in recent times. The
utilization of organic coatings for this objective has witnessed a growing trend.

4. Integration of Antifouling and Anti-Cavitation Coatings

In the context of surfaces such as ship overflow parts and hydraulic turbine propeller
blades, it is commonly observed that biofouling and cavitation corrosion occur concurrently,
with an evident interplay between these phenomena. The presence of fouling organisms
on a material leads to a decrease in its performance, as it promotes the formation of surface
vacuoles. This, in turn, exacerbates the occurrence of cavitation-induced damage to the
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material. Additionally, the chloride ions in seawater can penetrate and destroy the surface
of the materials and make them prone to localized corrosion such as pitting corrosion. The
occurrence of cavitation erosion exacerbates the surface roughness of materials, such as
propellers, thereby promoting the adhesion of marine fouling organisms. This creates a
self-perpetuating cycle of fouling attachment [96].

In relation to the present market conditions, there is an expectation that the demand
for antifouling coatings will exhibit a growth rate of 10% from 2021 to 2025, resulting in a
market value of USD 1.96 billion. Notably, the Asia–Pacific region is projected to experience
a substantial increase of 51%, equivalent to an 8.66% growth in 2021 alone. The demand
for anti-cavitation coatings in the Asia–Pacific region accounts for 33% of the overall
market demand. It is projected that the global demand for these coatings will experience a
growth rate of 5% in the coming decade. By the year 2027, it is anticipated that the global
market demand for anti-cavitation coatings will exceed USD 20 billion. Hence, the global
imperative for the development of antifouling and anti-cavitation coatings is evident.

In 1987, Japanese scientists conducted an experiment involving the application of
self-polishing antifouling coatings and silicone synthetic resins to propeller blades. Follow-
ing 500 h of operation, the propeller blades exhibited minimal adherence of seafood and
peeling of the paint film, thereby maintaining a notably clean condition [97]. The silicone
coatings Intersleek ® 700 and fluoropolymer coatings Intersleek ® 900 were developed by
the Netherlands International Paint Company (IP) as antifouling coatings with low surface
energy properties. The application of a series of coatings was initially implemented on sub-
marine propellers in 1995. Following a period of 12 months of utilization, it was observed
that the coating remained in an exceptional condition. The Belzona2141 polyurethane resin
coatings, manufactured by the British Belzona Company, are designed for application on
various components such as propellers, turbines, valves, and other overflow equipment.
The construction and operation of these devices are characterized by simplicity while also
exhibiting a commendable degree of cavitation and corrosion resistance. The Metaline® se-
ries 700 two-component polyurethane coatings were manufactured by Germany’s MetaLine
Company. The findings indicated that the product exhibited improved resistance against
fouling and cavitation simultaneously. Currently, there has been limited advancement in
the incorporation of foreign antifouling and anti-cavitation coatings. This progress has
primarily been observed in military applications, which do not encompass a significant
portion of commercial and civil usage. Conversely, research on domestic antifouling and
anti-cavitation integrated coatings is still in its early stages.

In the year 2011, scientists from China submitted a patent application with the objective
of mitigating the corrosion of ship propellers and the accumulation of marine organisms.
The initial step involved the removal of the oxide skin from the surface of copper alloy pro-
pellers to achieve a textured surface. Subsequently, a ceramic insulating coating composed
of metal oxides was prepared using the thermal spraying technique. Following this, a metal
antifouling coating was thermally sprayed onto the prepared ceramic coating, resulting in
a composite coating that possesses both fouling and anti-cavitation characteristics. In their
study, Weiwei Cong et al. [98] conducted research at the State Key Laboratory of Marine
Coatings to develop a fouling release protective coating for propellers. The coating was
prepared using an anticorrosive primer, elastic buffer paint, intermediate connecting paint,
and antifouling topcoat. The researchers asserted that this coating exhibited both safety
and environmental friendliness for construction personnel and the marine environment.
Furthermore, they reported that the coating demonstrated exceptional efficacy in inhibiting
the adhesion of marine fouling organisms and exhibited strong anti-cavitation performance.
The assessment of the static antifouling efficacy was conducted at the Qingdao Zhongkang
offshore test station, revealing that the surface condition remained favorable even after a
duration of 36 months. In their study, Haocheng Yang et al. [99] conducted the synthesis of
polyurethane (PU)/ZIF-8 (PHZ) composite coatings using a nanocomposite approach. The
researchers utilized a multi-scale zeolite imidazolium skeleton material (ZIF-8) as a nano-
filler, which is known for its environmentally friendly properties. The findings indicate that
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the ZIF-8 polyurethane coating exhibited superior antifouling and anti-cavitation properties
at a particle size of 50 nm. The coverage of the selected fouling agent, small crescent-shaped
rhododendron algae (Nitzschia clostridium), in the simulation experiment was found to be
only 0.51%, as depicted in Figure 7A. The mass loss of the coating during the 30 h cavitation
experiment amounted to a mere 9.9 milligrams. The incorporation of nanoparticles resulted
in the improvement of the coating’s hydrophobic properties, thermal stability, and mechan-
ical characteristics. Nevertheless, it should be noted that ZIF-8 exhibits a diminished level
of durability when exposed to saltwater, necessitating a gradual release of zinc ions over
an extended duration in order to attain optimal antifouling efficacy. This, in turn, increases
the probability of potential contamination in the secondary marine environment. Poly
(dimethylsiloxane etherimide) (APT-PDMS) and poly (tetrahydrofuranediol) (PTMG) were
utilized as raw materials in their study [100]. To introduce perfluorohexanediol (PFHT)
into the polyurethane backbone, a two-step polymerization reaction was employed to
synthesize a range of fluorinated isocyanate prepolymers (FIPs) with varying contents.
This process resulted in the production of a fluoro silicone-containing polyurethane elas-
tomer coating known as SFPU-x. The incorporation of fluorinated isocyanate prepolymers
(FIPs) facilitates the formation of fluorinated polyurethane microdomains, thereby enabling
the generation of microstructures with low surface energy. This is achieved through the
enhancement of hard-segmented microzone structures within the coating. Based on the
findings, it was observed that the SFPU-5 coating containing 5% FIP exhibited the most
optimal level of internal microphase separation. The surface of this coating displayed a
distinct microstructure, a significantly high water contact angle, and evident hydrophobic
properties, as depicted in Figure 7B. These characteristics effectively hindered the adhesion
of proteins and algae. The fouling simulation using bovine serum proteins resulted in a cov-
erage of only 1.3% after a duration of 72 h. Additionally, the surface showed no discernible
holes or cracks after 10 h of cavitation. The cumulative mass loss in deionized water and
seawater was measured to be 2.7 mg and 2.9 mg, respectively, indicating a high level
of cavitation resistance. Additionally, the investigation revealed that the microstructural
characteristics of the coating surface have a significant impact on its ability to resist fouling
and cavitation. The prevention of microorganism reproduction on the coating surface can
be attributed to the presence of an inhomogeneous microstructure. This microstructure
hinders the microorganisms’ ability to reproduce through the “size-matching” effect and
enrichment, thereby impeding their attachment and accumulation on the surface. The
bubbles generated during the cavitation process undergo simultaneous collapse upon
reaching the surface of the irregular microstructure. The region of the microstructure
that is situated at its uppermost portion frequently experiences the lowest local pressure.
Consequently, the area characterized by low external pressure is where the high internal
pressure cavitation will ultimately collapse. The implosion force will be absorbed by the
coating and transformed into both elastic and plastic deformation. This transformation
leads to a reduction in the impact force, thereby preventing the occurrence of cracks and
enhancing the quality of the loss, as depicted in Figure 7C.

For the sake of concision, it is clear that there is a sizable market need and substantial
research relevance for the creation of an integrated coating that offers ship propellers both
antifouling and anti-cavitation capabilities. However, the existing body of research on
this topic is limited, necessitating a substantial number of studies to comprehensively
understand and optimize the performance of propellers with the desired characteristics of
“dynamic anti-cavitation and static fouling resistance”. In light of the growing emphasis on
environmental preservation, there has been a heightened interest in utilizing eco-friendly
substances for various purposes. For instance, numerous antifouling agents found in nature,
such as capsaicin, carvacrol, and halogenated furanone, have been identified as potential
alternatives. Additionally, biomimetic materials, such as lotus leaves, sharkskin, and
dolphins, have also garnered attention for their potential applications in this domain. They
can be employed to fabricate high-quality integrated coatings that possess both antifouling
and anti-cavitation properties. Furthermore, it is feasible to fabricate coatings that possess
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anti-cavitation properties and are functionalized with antifouling agents. This can be
achieved through the process of gradient compounding, wherein antifouling functionalized
nanoparticles are incorporated into the matrix. This approach can be explored from two
research perspectives: modification of micro and nano functionalized fillers, as well as the
design of the polymer chain segment structure.

 

Figure 7. (A) Fluorescence microscope images of algae on PU, PHZ1, PHZ2, and PHZ3 coatings at
different immersion times with a scale of 50 μm [99] with permission (Copyright © 2023, Elsevier);
(B) SEM image of the microstructure of polyurethane-coated SFPU-x surface with a scale bar of
1 μm [100] with permission (Copyright © 2023, Elsevier); (C) Mechanism of antifouling and anti-
cavitation of microphase separation structure.

5. Conclusion and Prospects

In brief, the global research community is actively engaged in investigating and
addressing the challenges associated with ship propeller technology, with a particular
focus on dynamic anti-cavitation and static fouling. The condition of the propeller has
a direct influence on the ship’s performance and lifespan, particularly as the maritime
environment undergoes changes and the ship’s service life extends. There is currently a
disparity between domestic and international antifouling and anti-cavitation integrated
technologies, hindering the full understanding and implementation of environmentally
friendly coatings in this field. There exist numerous unresolved matters that necessitate
the attention and ongoing investigation of scientific and technological professionals. These
concerns primarily manifest in the subsequent domains.

Firstly, previous research has focused on addressing various issues related to the
antifouling coating, such as enhancing its efficiency through functionalization, ensuring
its environmental friendliness, and improving its strength and adhesion to counteract
cavitation effects. Previous studies have proposed various solutions for addressing the
issue at hand. These include the utilization of fouling release antifouling coatings and
bionic antifouling coatings as alternatives to the environmentally harmful self-polishing
antifouling coatings, with the aim of achieving enhanced antifouling efficacy. Simulta-
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neously, the utilization of organic materials instead of inorganic ones can contribute to
the mitigation of corrosion, particularly in seawater environments. This approach offers
advantages over inorganic coatings, which are more susceptible to the flaws associated
with electrochemical corrosion. This will potentially enhance the durability of the coating
to a certain degree.

Furthermore, it is imperative for future researchers to prioritize the exploration of
practical strategies aimed at comprehensively resolving the diverse challenges associated
with integrated coatings for antifouling and anti-cavitation purposes. By employing rational
molecular structure design and surface modification techniques, as well as incorporating
functional fillers through compounding, it is possible to enhance the antifouling and anti-
cavitation properties of ship propellers. Simultaneously, this approach can also strengthen
the bond between the integrated coating and the underlying base material. This enables us
to enhance and evaluate ship propeller protective coatings that possess the capability to
deliver exceptional performance and extended durability in real-world marine conditions.
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Abstract: In the realization of photonic integrated devices, materials such as polymers are crucial.
Polymers have shown compatibility with several patterning techniques, are generally affordable, and
may be functionalized to obtain desired optical, electrical, or mechanical characteristics. Polymer
waveguides are a viable platform for optical connectivity since they are easily adaptable to on-chip
and on-board integration and promise low propagation losses <1 dB/cm. Furthermore, polymer
waveguides can be made to be extremely flexible, able to withstand bending, twisting, and even
stretching. Optical sensing is an interesting field of research that is gaining popularity in polymer
photonics. Due to its huge potential for use in several industries, polymer waveguide-based sensors
have attracted a lot of attention. Due to their resilience to electromagnetic fields, optical sensors oper-
ate better in difficult situations, such as those found in electrical power generating and conversion
facilities. In this review, the most widely used polymer materials are discussed for integrated pho-
tonics. Moreover, four significant sensing applications of polymer-waveguide based sensors which
include biosensing, gas sensing, temperature sensing and mechanical sensing have been debated.

Keywords: polymer; waveguide; optical sensor; temperature sensor; biosensor; gas sensor

1. Introduction

Polymers have the potential to be useful for many passive and active sub-components.
One benefit of polymers over other types of materials is that their physical and optical
characteristics may be greatly customized by adjusting the composition and level of poly-
merization. By including the proper molecular moieties in the polymer chain or as side
pendants, functionality may be introduced [1]. Different techniques may be used to process
polymers, such as solution and gas-phase deposition, and they can be made compatible with
substrate chemistry by appropriate surface functionalization (including inorganic building
blocks). Large-scale, inexpensive production of polymers is also a possibility [2]. The opti-
cal waveguide (WG) is one of the fundamental components of integrated photonics [3–6].
Polymer WGs can operate in either single-mode (with core diameters between 2 μm and
5 μm) or multimode (with core dimensions generally between 30 μm and 500 μm) regimes.
They are both entirely consistent with the matching optical fiber type due to the similar
mode field diameter. Numerous methods, including photolithography [7], flexographic
and inkjet printing [8], nanoimprint lithography [9,10], femtosecond laser processing [11],
and hot embossing [12], can be used to create these WGs. A stamp structure is transferred
from a stamp onto a substrate through the hot embossing process, which is a replication
process. The method is appropriate for replicating structures with a millimeter to nanoscale
size. Due to its potential for mass production at low cost and integration with roll-to-roll
processes, hot embossing is a desirable manufacturing method for optical applications [13].
By using sustainable and efficient hybrid lithography, a three-dimensional polymer WG
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with a taper structure was exhibited and created [14]. A polymer WG and a polymer taper
structure were created using grayscale lithography and hybrid lithography, respectively.
Gray-scale lithography was intended for laser ablation and shadow aluminum evaporation.
The laser strength, the rate of ablation, and the thickness of the aluminum may all be
adjusted to alter the length of the grayscale zone, which ranges from 20 to 400 μm [14].

Due to their flexible processibility and integration over inorganic counterparts, poly-
mer optical WG devices are crucial in several rapidly evolving broadband communications
domains, including optical networking, metropolitan/access communications, and com-
puter systems [15]. Owing to their many benefits, they are also a perfect integration
platform for the insertion of foreign material systems like YIG (yttrium iron garnet) and
lithium niobate in addition to semiconductor devices like lasers, detectors, amplifiers, and
logic circuits into etched grooves in planar lightwave circuits to enable full amplifier mod-
ules or optical add/drop multiplexers on a single substrate. Additionally, optical polymers
may be vertically combined to produce 3D and even all-polymer integrated optics because
of their flexibility and durability combination [14].

Polymer WG-based optical sensors can be competitors to devices based on photonic
integrated circuits (PICs). Such devices are mainly manufactured based on MPW (multi-
project wafer) on SOI, SiN platforms, or based on Group III–V semiconductors, primarily
InP or GaAs. Type III–V platforms can provide a wide range of active devices, but they
are poorly applicable to passive elements due to high attenuation and low contrast [16–18].
Figure 1 shows the emission wavelength coverage of semiconductor lasers based on III–V
platforms [19]. One can see that their emission region is lower than the Si transparency
window. The transparency range of a polymer WGs depends on the specific polymer
material being used. In general, the transparency range is in the near-infrared (NIR) region
of the electromagnetic spectrum, usually from 700 nm to 1700 nm. Therefore, one can easily
combine them with III–V group light sources in the sensing system’s design. However,
some polymers have higher transparency windows extending into the visible region or
even beyond the short-wave infrared (SWIR) region [20,21]. It is also worth noting that the
transparency range of polymer WGs can be affected by various factors such as processing
conditions, doping, and absorption or scattering losses. SOI platforms, which are well-
compatible with traditional CMOS electronics, have high contrast and small allowable bend
radii [22], making it possible to design small-sized passive sensor devices but not active
components. For example, a sensor based on a Mach–Zehnder interferometer (MZI) with a
double-slot hybrid plasmonic WG [23] provides a high sensitivity of up to 1061 nm/RIU
in liquid refractometry. The micro-ring resonator-based sensors’ sensitivity on the SOI
platform is less than 100 nm/RIU. However, the application of a subwavelength grating
micro-ring makes it possible to achieve a sensitivity of 672.8 nm/RIU [24,25]. Hybrid
integration significantly expands the capabilities of the SOI and III–V platforms, allowing
the design of complex sensing systems, including active devices [26,27]. It is also possible
to expand the capabilities of the SOI platform using IMOS (indium phosphide membrane
on silicon) technology [28].

The paper is organized in the following manner. Section 2 provides a piece of in-
formation on the characteristics of polymer WGs. There are several polymer materials
commercially available and being used in research for the development of photonic de-
vices as discussed in Section 3. The extraordinary optical properties of these polymer
materials include low optical losses at operating wavelengths, well-controlled and tunable
refractive indices, resistance to temperature and chemicals, mechanical stability in a vari-
ety of environments, and environmentally friendly fabrication techniques. Afterward in
Section 4, polymer WG-based sensors are discussed. We have dedicated our research to
polymer WG-based biosensors (Section 4.1), gas sensors (Section 4.2), temperature sensors
(Section 4.3), and mechanical sensors (Section 4.4), which are at present the main focal point
of investigation. The paper finishes with a brief conclusion and outlook as presented in
Section 5. The applications presented in this paper are shown in Figure 2.
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Figure 1. Transparent window of polymers, silicon, and silicon dioxide, and emission wavelength
coverage of semiconductor lasers based on different III–V active regions. InP-based type-I, type-II,
and GaSb-based type-I quantum well (QW) diode lasers, GaSb-based interband cascade lasers (ICLs),
and quantum cascade lasers (QCLs) are included [19].

 

Figure 2. Polymer WG-based sensors employed in (a) biosensing [29], (b) gas sensing [30],
(c) temperature sensing [31], and (d) mechanical sensing applications [32], are discussed in
this review.

2. Characteristics of Polymer Waveguides

Using straightforward spin-coating processes, low-temperature processing, and com-
patibility with semiconductor electronics, optical polymers enable the flexible, large-area,
and inexpensive production of WG devices [13]. These WGs are relatively cheap to produce
compared to other materials such as glass or silicon. This makes them a popular choice for
cost-sensitive applications. Glass, quartz, oxidized silicon, glass-filled epoxy printed circuit
board substrate, and flexible polyimide film are just a few examples of the numerous rigid
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and flexible substrates that can be employed. Film thicknesses between 0.1 and 100 microns
can be achieved by adjusting the polymer/solvent ratio and spin speed in the film coating
process. Contrary to other optical material systems, polymers are created and designed by
chemically altering their component molecules to have the desired properties, such as melt
or solution processibility in the form of monomers or prepolymers, enhanced mechanical
properties from photo- or thermo-crosslinking, and matched refractive indices between
the core and cladding layers. Polymer materials have high flexibility, making them ideal
for applications where flexible WGs are required, such as flexible displays or wearable
devices [33]. These WGs are much lighter than traditional glass or silicon WGs, making
them easier to integrate into portable or mobile devices.

Additionally, these characteristics are modifiable by formulation changes. In addition
to the traditional photoresist patterning, there are other methods for forming polymer WGs,
such as direct lithography, soft lithography, embossing, molding, and casting. This enables
the quick and inexpensive structuring of components like active films, Faraday rotators,
or half-wave plates for the creation of WGs as well as material removal for grating. This
adaptability also makes polymers an excellent hybrid integration platform, allowing for the
insertion of semiconductor devices like lasers, detectors, and logic circuits into an etched
groove in a planar lightwave circuit to facilitate full amplifier modules or optical add/drop
multiplexers on a single substrate. These foreign material systems include Yttrium iron
garnet (YIG), lithium niobate, and foreign material systems [34].

The fact that polymeric materials’ refractive indices change more quickly with tem-
perature than more traditional optical materials like the glass is a key distinction between
the two. When ambient temperature increases, the refractive index of the polymer mate-
rial drops at a rate of 10−4/◦C, which is significantly—faster than inorganic glasses. As
opposed to the interferometric devices that are required in silica-on-silicon, for example,
this large thermo-optic coefficient and poor thermal conductivity allow for the realization
of thermo-optic switches with low power consumption, digital thermo-optic switches, and
thermo-optic switches based on adiabatic WG transitions.

Polymers are more sensitive to humidity compared to inorganic materials. The impact
of humidity on the refractive index may also be examined using the return-loss method [35].
If the core and cladding modifications were different, the refractive index change caused
by humidity would have an impact on single-mode WG performance. It would also have
an impact on the device’s return loss if index matching were utilized as a return loss
reduction technique. Devices like Bragg gratings and AWGs may function differently even
though the core and cladding change is the same because the humidity may alter the WG’s
effective index.

Many optical systems rely on the exclusion of any wavelength-dependent optical ef-
fects outside those that were physically intended. Material dispersion should thus typically
be avoided. The values for the polymers on the order of 10−6 nm−1 are substantially lower
than those for semiconductors or doped glasses, although being equivalent to those for
SiO2 [7]. Because polymeric materials are susceptible to yellowing with thermal aging,
the thermal stability of optical qualities is a crucial property for practical applications.
Such aging is often caused by the production of partly conjugated chemical groups, which
exhibit wide UV absorption bands and weaken over the visible spectrum. The chemical
composition of the original polymer has a significant impact on this yellowing.

Polymer materials have a limited operating temperature range, which can make
them unsuitable for high-temperature environments. These materials are more prone to
mechanical degradation, such as cracking or breaking, compared to other materials such
as glass or silicon. They are also sensitive to environmental factors such as moisture, heat,
and UV light, which can affect the performance and longevity of the WG. Overall, polymer
WGs have some advantages such as low cost and flexibility, but also have some limitations
in terms of optical quality and mechanical stability. Whether or not to use polymer WGs
will depend on the specific requirements and constraints of the application.
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3. Polymer Materials for Integrated Optics and Fabrication Methods

In the past, optical crystals like lithium niobate [36], lithium tantalate [37], and ru-
bidium titanyl phosphate [38,39] as well as semiconductors like silicon [4,5,40], silicon
nitride [41,42], indium phosphide [43,44], III–V compound, and silica have been utilized to
create optical WGs. In recent years, there has been much study on highly integrated optics
and photonic devices made of polymers. Polymer materials, as compared to the materials
mentioned above, have easier manufacturing procedures, which result in produced optical
devices with much-reduced material and production costs [45]. As a result, new types
of polymers for optical and photonics uses have been produced in several laboratories
throughout the world in recent decades, and some of them are now accessible on the mar-
ket. These materials include UV-curable epoxy polymers Su-8, EpoCore/EpoClad [46,47],
siloxane LIGHTLINKTM XP-6701A core, LIGHTLINKTM XH-100145 clad, and benzocy-
clobutene (Dow Chemical, Midland, MI, USA) Polymers [48], ZPU resin, and polymers
(ChemOptics Inc., Daejeon, Republic of Korea) [49], OrmoClear®FX (micro resist technology
GmbH), and SUNCONNECT are examples of inorganic–organic hybrid polymers (Nissan
Chemical Ltd., Tokyo, Japan) [20,50], Truemode Backplane Polymer (Dow Corning, Mid-
land, MI, USA) [51], UV exposure optical elastomer OE-4140 core, and OE-4141 cladding
(Exxelis, Ltd., Washington, DC, USA) [52], Sylgard 184, LS-6943, polydimethylsiloxane
(PDMS) [53], etc.

Polymethyl Methacrylate (PMMA) is a widely used polymer material for optical WGs
due to its transparency, high refractive index, and low cost. Polycarbonate (PC) is a thermo-
plastic polymer that is commonly used for optical WGs due to its high transparency, high
mechanical strength, and good thermal stability. Polystyrene (PS) is a transparent polymer
that is widely used for WGs due to its low cost, easy processability, and good transparency
in the visible and near-infrared regions of the spectrum. Polyimide (PI) is a heat-resistant
polymer that is widely used for high-temperature applications due to its excellent mechani-
cal stability, high transparency, and high refractive index. Polyethylene (PE) is a flexible
and lightweight polymer that is widely used for applications such as fiber-optic sensing
and flexible displays due to its low cost and high transparency. Polyvinyl chloride (PVC)
is a low-cost polymer that is widely used for optical WGs due to its good processability
and high transparency in the visible and near-infrared regions of the spectrum. Cytop
and cyclic olefin copolymer (COC) polymer materials are widely used for WGs in optical
communication systems and other optical applications. These materials have a low-loss,
high-refractive-index polymer material that offers a combination of transparency, high
mechanical strength, and good thermal stability. They are some of the most used polymer
materials for optical WGs, but many other polymers can also be used, depending on the
specific requirements of the application.

These polymer materials have exceptional optical qualities, for instance, low optical
losses at working wavelengths (including in the infrared spectrum), well-controlled and tun-
able refractive indices, resistance to temperature and chemicals, mechanical stability in a va-
riety of environments, and environmentally friendly fabrication methods [54,55]. Polymers
are used to create common types of fiber sensors: fiber Bragg gratings (FBG) [56,57], surface
plasmon resonance (SPR) sensors [58,59], and intensity variation-based sensors [60,61]. To
realize optical and photonic devices, optical planar WGs are essential building blocks. Sev-
eral distinct manufacturing methods for polymer optics WG devices have been documented.
These fabrication techniques include the use of mask photolithography in conjunction with
wet etching [62], photo-resist patterning and reactive ion etching [63], two-photon poly-
merization [64], laser direct writing [47], electron beam writing [65], flexographic and
inkjet printing [8], the hot embossing process [66–68], photo-bleaching [69], and others.
These processes need numerous processing steps, which can result in lengthy fabrication
periods and poor yield. For mass production, technologies like stamping processes [70]
are being researched. The roll-to-roll (R2R) nanoimprint lithography technologies [71,72]
and roll-to-plate nanoimprinting are two examples of these techniques. Polymers, which
are excellent material candidates for applications needing low-cost mass manufacturing,
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can be used with these roller-based methods [72]. Flexible electronics are created using
these methods [73]. Additionally, current research is looking into potential uses in optics
and photonics. Additional information on thin-film coating processes can be found in [13].
We should notice that the soft-lithography fabrication process provides high geometrical
accuracy [74], which guarantees sensors’ fabrication reproducibility.

Several researchers have looked at the development of optical WGs using hot emboss-
ing in recent years [12,66,68,75]. Numerous stamp production methods, including LIGA
technology, photolithography, micro-machining, and etching, were investigated. The inves-
tigation of several polymer materials also included thermoplastics and photoresists [76].
The manufactured WGs were utilized for optical communication and sensing applications
and worked in the single-mode and multi-mode regimes. The WG transmission loss varies
from several dB/cm to values under 1 dB/cm depending on the embossing stamp and
the polymer materials. Despite its advantages, the hot embossing process also has some
disadvantages such as requiring specialized equipment, which can be expensive and may
not be readily available for all users. The hot embossing process requires high tempera-
tures, which can cause thermal stress and degradation of the polymer material. It requires
complex tooling, such as molds and stamps, which can be difficult to design and fabricate.
Moreover, it is limited to certain types of polymer materials such as thermoplastics, which
may not be suitable for all applications. The surface finish of the embossed component
may not be as high as other fabrication methods, which can affect the optical properties of
the component and can result in non-uniform embossing, which can then affect the perfor-
mance of the component. Furthermore, it may not be suitable for high-volume production,
as it is a relatively slow and labor-intensive process. Table 1 shows the most frequently
used polymer materials and their physical characteristics.

Table 1. Most commonly used polymer materials and their characteristics.

Polymer Chemical Formula Young Modulus Optical Loss Transparency Region, nm Refractive Index

NOA 73 N/A 11 MPa [77] N/A 370–1250 [78] 1.559 [78]

PDMS (CH3)3SiO[Si(CH3)2O]nSi(CH3)3 [79] 1.32–2.97 MPa [80] 0.027 dB/cm [81] 400–1600 [81] n(T) = 1.4176 − 4.5 × 10−4T [82]

PMMA [9,83] (C5H8O2)n [84] 3–3.7 GPa [85] 2.5 dB/cm [83] 400–700 with C-H absorption
peak at 630 nm [86] 1.48–1.505 [87]

NOA 68 N/A N/A N/A 450–1250 [88] 1.54 [88]

COC cyclic olefin copolymer 29–237 MPa [89] 0.5 dB/cm (830 nm); 0.7 dB/cm
(1550 nm) [90] N/A 1.5–1.54 [90]

SU-8 epoxy polymer 4.54 GPa at 19 kHz to 5.24 GPa at
318 kHz [91]

1.36 and 2.01 dB/cm (TE00 and
TM00) [46] N/A 1.67 at UV [92]

Ormocer inorganic-organic hybrid polymers 1–17,000 MP [93] 0.64 dB/cm [94] N/A From 1.5382 to 1.59 at 633 nm [95]

ZIF-8 2-Methylimidazole zinc salt 3 GPa [96] N/A N/A 1.355 ± 0.004 at 589 nm [97]

PHMB polihexanide N/A N/A N/A 1.48–1.5 [98]

BCB benzocyclobutene 9.58 GPa [99] 0.81 dB/cm at 1300 nm [100] 1.5589 at λ = 632 nm; 1.5489 at
λ = 838 nm [101]

FSU-8 fluorinated epoxy resin N/A N/A N/A 1.495 to 1.565 at 1550 nm [102]

NOA 63 N/A N/A N/A 350–1250 1.56 [103]

PEI polyethylenimine 3.5–3.6 GPa [104] N/A 400–800 [27,105] 1.66 at 546 nm [106]

PSS polystyrene sulfonate N/A N/A

PAH polyallylamine hydrochloride 100 MPa [107] N/A N/A 1.51 at 550 nm [108]

Ma-P 1205 n/a N/A N/A N/A 1.644 at 633 nm [109]

PMATRIFE poly(2,2,2) MethAcrylate of
TRIFluoro-Ethyle N/A N/A N/A 1.409 [110]

PC [33] plastic polycarbonate N/A 10 dB/m 750–850 1.586 [111]

CYTOP [33] amorphous perfluorinated polymer 10 db/km 950–1100 1.34 at 587.6 nm

PDLLA poly(D,L-lactide) N/A
From 0.4 dB/cm on 500 nm to

0.12 dB/cm on 800 nm with C-H
adsorbtion peak at 720–740 nm [45]

500–850 [86] N/A

Rapid and extensive duplication of structures with dimensions ranging from the
microscale to centimeter scale is possible using hot embossing [68]. Figure 3 provides a
detailed illustration of the fabrication processes. The top and lower phases, respectively,
were initially covered with a structured stamp and a PMMA sheet. Then, they were heated
to 140 ◦C, which is both lower than the PMMA melting point and higher than the glass
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transition temperature. The PMMA sheet was in a rubber condition at this temperature,
making it appropriate for the ensuing embossing of structural patterns. The structural
stamp was applied with an embossing force to the PMMA sheet during the embossing
process. A further cooling procedure was used to maintain the embossing force while
chilling the stamp and PMMA sheet. A further cooling procedure was used to maintain
the embossing force while chilling the stamp and PMMA sheet. The embossing force was
withdrawn once the temperature reached the demolding temperature (50 ◦C). Manual
separation of the PMMA sheet and stamp is possible [68].

 

Figure 3. Manufacturing process of MOF-coated WGs by employing hot embossing, (a–g) Step by
step fabrication process of PMMA based WG [68].

4. Polymer WG-Based Sensors

The characteristics and needs of a certain application will determine how a sensor
is designed for that purpose. It is helpful to list the qualities that one would need in a
perfect sensor for chemical and biological species. In a perfect world, the sensor would
have sufficient sensitivity (in certain situations down to the level of a single molecule) and
a wide dynamic range. High selectivity for the target species and resistance to sample-
matrix interferences should also be present. A perfect sensor would also be suited for
multicomponent measurements, have a quick reaction time, be reversible, and have high
long-term stability. The ideal sensor should also be capable of self-calibration and be strong,
dependable, easy to make, affordable, and have a compact size.

The most significant benefit of optical sensors over other types is their broad range of
applications: optical sensors may detect analytes for which other (bio)chemical sensors are
ineffective [112]. Additionally, optical sensors can be used for “indirect” analyte identifi-
cation, which makes use of an auxiliary reagent, as well as “direct” analyte detection, in
which the spectroscopic characteristics of the analyte are detected. Such a reagent experi-
ences a modification in an optical property, such as elastic or inelastic scattering, optical
path length, absorption, luminescence intensity, luminescence lifespan, or polarization
state, when it interacts with the analyte species. This type of indirect detection is essential
because it merges chemical selectivity with the spectroscopic measurement’s capabilities
and frequently overcomes interference issues that would otherwise be problematic.

There are several subcategories of optical sensors. There are “intrinsic” and “extrinsic”
sensors, for example. A WG is simply utilized as a light link to connect external instruments
to a sampling point or an optical sensing element in an extrinsic sensor. In biomedicine,
environmental monitoring, process control, and safety, extrinsic sensors are already widely
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employed [113]. Due to several appealing qualities they possess, including simplicity,
electrical passivity, inherent safety, chemical robustness, thermal tolerance, compatibility
with telemetry, and use of a common technology to produce sensors intended for various
(bio)chemical and physical measurements, they have found success in both commercial
and practical purposes. Extrinsic sensors may also frequently be made simpler, work with
in vivo applications, and be applied in situations that are contaminated by electromagnetic
and microwave waves.

In an intrinsic sensor, the WG itself contributes to the conversion of (bio)chemical
data into an analytical signal that is usable [114]. In addition to the common qualities
of most extrinsic sensors, intrinsic sensors offer a variety of useful features [115,116]. By
using evanescent-wave-based optical discrimination, intrinsic sensors may be employed to
study interfacial processes and thin films. By adjusting the parameters of the waveguiding
configuration and, in the case of indirect sensors, the parameters of immobilized reagents,
they also provide flexibility in the selection of their sensing mode and their analytical
properties. For instance, the architecture of the WG, its cladding, and any reagents nearby
the WG can all affect how much an evanescent wave interacts [117,118]. The choice of the
physical, chemical, or biological characteristics of the analyte species to be monitored is
often the first stage in the construction of a good sensor. One could decide to analyze an
analyte’s absorption, fluorescence, or Raman spectra, for instance. This decision will deter-
mine the sensor’s instrumental needs as well as its analytical performance. It is frequently
helpful to take into consideration a combination of detection techniques since doing so may
frequently result in a significant performance gain. A fluorescence-based sensor combined
with time-resolved detection, for instance, can enhance a sensor’s selectivity, sensitivity,
and long-term stability.

Surface plasmon resonance (SPR) [119], grating, micro-ring [120–122], and MZI [123]
structures are only a few of the basic structural types found in polymer optical WG sensors,
as shown in Figure 4a–d [124–126]. A commercial chemical detection device based on prism-
coupling technology is included in the SPR structure. Its limitations include susceptibility
to temperature and test media composition, as well as optical loss due to the gold film. The
grating structure has a very low grating period—only a few hundred nanometers—but
it also has demanding production and spectral analysis constraints. Temperature and
outside stress might affect longer grating times. The micro-ring structure’s radius is many
tens of micrometers, making it desirable for sensor downsizing. The equivalent contact
length of the WG and test medium is greatly increased by the optical signal resonance
phenomena to provide adequate sensitivity. Nevertheless, it is difficult to manage the
coupling distance between the micro-ring and straight WG without using a high-precision
construction procedure. The micro-ring may also result in more bending loss.

In the MZI structure, one WG branch acts as the sensing arm and the other branch as
the reference arm. The evanescent field of the light wave in the core layer may be made
to make contact with the test medium by detaching the upper cladding layer of the WG
from the sensing arm [127]. The refractive index (RI) of the test medium varies, which
affects how the optical fields between the sensing and reference arms are phased. The
output optical power varies because of the phase shift. The MZI construction is affordable,
simple to construct, and capable of simultaneous multi-channel identification without the
need for spectral detection. An integrated MZI-based methane sensor that is covered in a
styrene-acrylonitrile film that contains cryptophane-A is presented [126]. A supramolecular
molecule called cryptophane-A that can selectively trap methane increases sensitivity by a
factor of 17 when it is present in the cladding [126].
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Figure 4. Different types of sensors based on polymer WGs, (a,b) SPR [124], (c) Micro-ring res-
onator [125], (d) MZI structure [126].

4.1. Polymer WG-Based Low-Cost Biosensors

Today, biosensors are widely used in biological diagnostics as well as a variety of other
fields, including forensics, environmental monitoring, food control, drug development,
and point-of-care monitoring of illness progression [128,129]. The creation of biosen-
sors may make use of a broad variety of methodologies. As a result of their interaction
with high-affinity biomolecules, a variety of analytes may be sensitively and specifically
detected [130,131]. Every biosensor contains a particular set of static and dynamic prop-
erties [132,133]. The efficiency of the biosensor is enhanced by the optimization of these
properties [134].

4.1.1. Selectivity

Perhaps the most crucial component of a biosensor is selectivity. A bioreceptor’s
selectivity refers to its capacity to identify a particular analyte in a sample that contains
various admixtures and impurities. The interplay of an antigen and an antibody is the
greatest illustration of selectivity. Antibodies often serve as receptors and are immobilized
on the transducer’s surface. The antigen is then introduced to a solution (often a buffer
including salts), which is subjected to the transducer, where antibodies only bind with
the antigens. Selectivity is the key factor to be taken into account while developing a
biosensor [135].

4.1.2. Limit of Detection

The limit of detection (LOD) of a biosensor is the lowest conc. of analyte that it can
detect [136]. A biosensor is necessary for several medical and environmental monitoring
applications to confirm the existence of traces of analytes in a sample at analyte conc.
as low as ng/mL or even fg/mL. For instance, prostate cancer is linked to blood levels
of the prostate-specific antigen (PSA) of 4 ng/mL, for which doctors recommend biopsy
procedures. As a result, LoD is thought to be a key characteristic of a biosensor.

4.1.3. Stability

The biosensing system’s stability refers to how susceptible it is to environmental
perturbations within and outside of it. A biosensor under study may experience a drift in
its output signals because of these disruptions [137]. This may result in a conc. measurement
inaccuracy and compromise the biosensor’s quality and precision. In situations where a
biosensor needs lengthy incubation periods or ongoing monitoring, stability is the most
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important component. The reaction of electronics and transducers may be temperature-
sensitive, which might affect a biosensor’s stability. To achieve a steady response from
the sensor, proper tuning of the electronics is necessary. The degree to which the analyte
attaches to the bioreceptor—the affinity of the bioreceptor—can also have an impact on
stability. High-affinity receptors promote the analyte’s covalent or strong electrostatic
connection, which strengthens a biosensor’s stability. The deterioration of the bioreceptor
over time is another element that has an impact on a measurement’s stability.

4.1.4. Repeatability

The biosensor’s repeatability refers to its capacity to provide the same results under
identical testing conditions. The transducer and electronics in a biosensor are precise and
accurate, which defines repeatability. When a sample is tested more than once, accuracy
refers to the sensor’s capability to offer a mean value that is near to the real value while
precision refers to the sensor’s ability to produce identical findings every time. The in-
ference built on a biosensor’s response is very reliable and robust when the signals are
reproducible [137].

The optical sensors based on evanescent wave monitor changes in the RI. These sensors
make use of the confinement of the electromagnetic waves in a dielectric and/or metal
structure to generate a propagating or localized electromagnetic mode. The evanescent
wave is created when a portion of the confined light disperses into the surrounding medium
as shown in Figure 5. Local changes in the optical properties of the excited electromagnetic
mode, most significantly a change in the effective RI, are brought on by RI shifts in the
surrounding medium through this evanescent wave [116]. When a receptor layer is affixed
to the guiding structure’s surface, the corresponding analyte is exposed to it, and the
resulting (bio)chemical interactions between them change the RI locally. The interaction’s
amplitude may be measured by comparing it to the analyte’s conc. and the interaction’s
affinity constant. The evanescent wave only reaches the exterior medium up to hundreds
of nanometers and perishes exponentially; consequently, the background from the external
medium will be little impacted. As a result, only variations near the sensor surface will
be noticed.

 

Figure 5. Evanescent field sensing mechanism.

The interferometric evanescent wave sensing technique is used by planar-integrated
optical biosensors to provide highly sensitive label-free detection of biomolecules. Using
injection molding and spin-coating, a novel polymer WG device design is proposed that
enables the production of disposable sensor chips at a cheap cost [138]. To couple light
into and out of the biosensor, surface grating couplers and lateral tapers were included. By
adding a thin layer of inorganic high-index material to these polymer gratings, the coupling
strength is improved, allowing for grating size reduction and effective lateral tapering into
single-mode WGs [138].
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For detecting effective medication doses of ginkgolide A for the suppression of pul-
monary microvascular endothelial cell (PMVEC) apoptosis, a fluorinated cross-linked
polymer Bragg WG grating-based optical biosensor is developed [139]. PMMA was created
as the sensing window cladding and fluorinated photosensitive polymer SU-8 (FSU-8) as
the sensing core layer. Pharmacological experiments were used to examine and examine
the ginkgolide A medication conc. range that was most efficient for inhibiting PMVEC
apoptosis (5–10 g/mL). The device’s framework was built to be created and manufactured
using direct UV writing technology. With varying refractive indices of various drug conc.,
the characteristics of the biosensor were simulated. The biosensor’s sensitivity was deter-
mined to be 1606.2 nm/RIU. The limit of detection (LoD) and resolution were specified as
3 × 10−5 RIU and 0.05 nm, respectively [139].

A multilayer polymeric-inorganic composite WG arrangement was used to produce an
evanescent field sensor [140]. The low RI polymer layers are covered by layers of a Ta2O5
thin film that was produced by sputtering, creating the composite WG structure. According
to the results, the polymer-based sensor can detect molecules adhering to surfaces down to a
limit of around 100 fg/mm2 for molecular adsorption detection and an LoD of 3 × 10−7 RIU
for RI sensing. The inorganic coating on the polymer layer was discovered to successfully
limit water absorption into the WG, which led to stabilized sensor operation in addition to
greatly increasing sensitivity. By examining antibody–antigen binding interactions, it was
demonstrated that the created sensor can be used in precise molecular detection [140].

For the detection of biomolecules in the lower nano-molar (nM) range, a surface
plasmon resonance (SPR) biosensor based on a planar-optical multi-mode polymer WG
structure is presented in [141]. With a measuring resolution of 4.3 × 10−3 RIU, the fun-
damental sensor exhibits a sensitivity of 608 nm/RIU when subjected to variations in RI.
C-reactive protein (CRP) was detected in a buffer solution with a response of 0.118 nm/nM
by integrating the SPR sensor with an aptamer-functionalized, gold-nanoparticle (AuNP)-
enhanced sandwich assay. The biosensor is highly suited for low-cost disposable lab-on-a-
chip operations because of the multi-mode polymer WG structure and the straightforward
concept. It may also be employed with very straightforward and affordable equipment.
The sensor specifically offers the ability for quick and multiplexed identification of various
biomarkers on a single integrated technology [141].

There is much interest in polymer-based materials used in photonic circuits, such
as benzocyclobutene (BCB), SU8, and PMMA, for label-free, cost-effective biosensing
and communications applications [142,143]. It is simple to embed optical components
and electronics into polymers [144]. In comparison to low-contrast polymer-based WGs,
high-index contrast materials like silicon and silicon nitride give substantial loss inside
wall scattering [145,146]. This eliminates any manufacturing limitations and enables the
construction of polymer-based WGs with a large footprint in a silicon wafer and minimal
side wall scattering loss. These polymer materials may be used in a variety of devices,
and by doping impurities, one can adjust the material’s optical, thermal, and electrical
properties. High sensitivity is provided by an RI-based biosensor using a unique horizontal
slot WG structure composed of cost-effective polymer material in an MZI configuration as
shown in Figure 6a [147]. The possibility of creating novel hybrid WGs for sensors using
silicon wafer-based polymer material has arisen because of the recent need for low-cost
point-of-care biosensors. The core of the sensor is made of SU8 material, the outside layer
of the sensor is made of PMMA, and the inner layer is made of BCB.

It is suggested and quantitatively proved that a novel evanescent wave biosensor
based on the modal interaction between the fundamental mode and the second-order mode
is possible [148]. It is feasible to create a device where only the fundamental and second-
order modes may propagate, without stimulation of the first-order mode, by considering
the characteristics of their symmetry as shown in Figure 6b. Due to the significant contact
between the evanescent field and the outer surface as a comparison to prior evanescent
wave-based biosensor designs, it is feasible to obtain a high sensitivity response in the
biosensor arrangement with this mode selection. The LoD of the device is ~7.34 × 10−7 RIU.
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Although polymeric WGs have been suggested as a means of lowering production costs,
it has not been feasible to create biosensors with sensitivity levels that are on par with
those made available by silicon photonic technology due to the polymeric material’s low RI.
Therefore, a multimode interferometer has two special features that combine to improve
the sensitivity of a modal biosensor interferometer: first, a novel modal interferometer with
greater penetration depth by high order mode evanescent tail; and second, a high modal
interaction by coupling mode theory optimization. This feature is essential for making
lab-on-chip technologies accessible and widely manufactured in underdeveloped parts of
the globe [148].

It is the first time that an all-optical plasmonic sensor platform based on integrated planar-
optical WG structures in a polymer chip has been published as shown in Figure 6c [149]. The
detection of 25-hydroxyvitamin D (25OHD) in human serum samples using an aptamer-based
assay was performed to show the sensor system’s usefulness for biosensing. The devised
assay allowed for the achievement of 25OHD conc. between 0 and 100 nM with a sensitivity of
0.752 pixels/nM. It is possible to simultaneously detect several analytes, including biomarkers,
because of the WG structure of the sensor’s miniaturization and parallelization capabilities. It
is possible to fabricate large-scale, economically priced sensors by integrating the entire optical
setup onto a single polymer chip. The proposed concept is particularly appealing for its
wider use in lab-on-chip solutions due to the widespread use and accessibility of smartphone
electronics [149].

 

Figure 6. Polymer WG-based biosensors, (a) BCB and SU-8 photonic WG in MZI architecture for
point-of-care device [147], (b) Multimode interferometer [148], (c,d) SEM image of the polymer WG
resonator [150].

Numerous studies are being conducted on optical micro-ring resonators as a possible
label-free biosensing technology for use in environmental monitoring and medical diagnos-
tics. The surface mass loading or the change in RI brought on by the presence of analytes in
the surrounding media is investigated in these micro-rings using the evanescent fields of
the resonant light [3]. It is suggested to use the high-quality SU-8 micro-ring resonators
made by NIL for biosensing applications [150]. The SEM image of the ring resonator is
shown in Figure 6d. Due to its exceptional optical and mechanical qualities, strong corro-
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sion resistance, and high thermal stability, SU-8 polymer has received extensive research in
the fields of photonics and microfluidics. Its high level of cross-linking has a special ability
to build sidewalls with straight profiles and large aspect ratios. A record-high intrinsic
Q-factor of 8.0 × 105 is attained by UV imprinting the device with a transparent polymer
mold that was copied from a smooth-sidewall silicon master mold.

4.2. Polymer WG-Based Gas Sensors

For detecting various harmful gases, several optical WG-based techniques have been
put forth [151]. These methods may be roughly divided into two subgroups: RI sensing
and optical absorption sensing [118,152]. The principle behind RI sensing is to track
changes in the analyte’s RI, which would affect the output light’s frequency or phase.
Since each gas has a distinct absorption wavelength, optical absorption spectroscopy-based
WG sensors are more selective than RI sensing. The conc. of the gas can be estimated by
analyzing the light attenuation that occurs when the light of a certain wavelength flows
through the gas [153]. According to the Lambert–Beer Law, increasing the optical path—the
distance over which light interacts with the analyte—will lower the LoD [154]. For optical
WG sensors, the ambient gas interacts with the WG’s evanescent field and serves as its
cladding [155].

Beginning in the early 1980s, conducting polymers including polypyrrole (PPy),
polyaniline (Pani), polythiophene (PTh), and their derivatives were utilized as the ac-
tive layers of gas sensors [156]. The sensors built of conducting polymers offer numerous
better properties in contrast to most of the widely viable sensors, which are often based on
metal oxides and operated at high temperatures. These feathers in particular are guaranteed
to be at room temperature and have high sensitivity and rapid reaction times. Conducting
polymers are simple to make using chemical or electrochemical methods, and it is simple
to change their molecular chain structure via copolymerization or structural derivations.
Additionally, conducting polymers have outstanding mechanical qualities that make it
simple to fabricate sensors.

The selective and sensitive sensing of harmful greenhouse gases is a significant chal-
lenge in the environmental and industrial domains due to the growing emphasis on
environmental protection and monitoring [113,118]. Carbon dioxide (CO2) is one of the
principal greenhouse gases that is created in the environment. According to the operat-
ing environments and application areas, several specific kinds of CO2 sensors have been
produced during the last few decades. CO2 sensors can be broadly categorized as electro-
chemical gas sensors, optical gas sensors, and acoustic gas sensors based on the detecting
processes they use [118,157,158]. The choice and design of the sensing material used in
a sensing device have a substantial impact on how well the sensor performs since a gas
sensor relies on active interaction between the sensing layer and the target gas. Metal
oxide, polymers, carbon compounds including carbon nanotubes (CNTs) and graphene,
metal–organic frameworks (MOFs), and composites of these materials are the most often
employed active materials in CO2 sensing [159,160]. A flexible CO2 gas sensor working at
room temperature based on CNTs is developed on a low-cost polyimide substrate [159].
Resistive networks are utilized in gas detection to create very uniform CNT thin films using
a trustworthy and repeatable transfer technique. When the ambient CO2 gas conc. was
800 ppm, the flexible gas sensor had a high sensitivity of 2.23%.

MOF-based optical gas sensors, which focus primarily on light–gas interaction within
a thin MOF layer, are preferable due to their properties of minimal drift, high gas selectivity
to other gases—pertinent for the optical gas sensing part—and the high porosity, large
surface area, and tailor-made pore sizes related for the optical gas sensing part. Metal–
organic frameworks are porous crystalline solids that are put together by the coordination
of inorganic building units by organic linker molecules. Because MOFs’ pores may be
replaced with different substances, they are appealing for use in a variety of applications,
including gas storage, gas separation, catalysis, and sensing.
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Air and hydrogen mixes may catch fire easily. Therefore, hydrogen sensors are crucial
for quick leak identification during handling. Existing solutions, nevertheless, fall short of
the high-performance standards established by stakeholders, and deactivation brought on
by poisoning—such as that caused by carbon monoxide—remains a significant issue. In a
plasmonic metal–polymer hybrid nanomaterial idea, deactivation resistance is supplied by
a specially designed tandem polymer membrane, while the polymer coating lowers the
apparent activation energy for hydrogen transport into and out of the plasmonic nanoparti-
cles [161]. This provides subsecond sensor response times in conjunction with the optimum
volume-to-surface ratio of the signal transducer given exclusively by nanoparticles. In
addition, sensor LoD is improved, hydrogen sorption hysteresis is reduced, and sensor op-
eration in challenging chemical conditions is made possible without long-term deactivation
symptoms [161].

The development of affordable PCB-integrated optical WG sensors is shown using
a unique platform [162]. The sensor design depends on the utilization of multimode
polymer WGs that can be created directly on common PCBs and chemical dyes that are
readily accessible in the market, allowing the assembly of all crucial sensing elements
(electronic, photonic, and chemical) on low-cost substrates. Furthermore, it uses WG arrays
functionalized with various chemical dyes to permit the detection of many analytes from
a single device. The devices may be made using PCB manufacturing techniques that are
standard practice, such as pick-and-place assembly and solder-reflow operations. An FR4
substrate is used to construct an ammonia gas sensor that is PCB integrated as a proof of
concept. The sensor’s functionality depends on the way ammonia molecules affect the
optical transmission properties of chemically functionalized optical WGs. In addition to
the basic modeling and characterization investigations, the manufacturing and assembly of
the sensor unit are discussed. At normal temperatures, the device achieves a sensitivity
of around 30 ppm and a linear response of up to 600 ppm. Finally, principal-component
assessment is used to show how it is possible to identify numerous analytes from a single
device [162].

For the detection and sensing of CO2, a cheap gas sensor based on planar polymer
optical WGs with an embedded zeolite imidazole framework-8 (ZIF-8) thin film is pre-
sented [68]. The PMMA planar optical WGs are formed by hot embossing, which makes
them flexible and economical. A simple solution approach is used to evenly produce thin
ZIF-8 films on the surface of WGs, which is essential for the envisioned mass manufacturing
of metal–organic framework-based sensing devices. The microscope image of the WG
without MOF film and with MOF film is shown in Figure 7a,b, respectively.

Figure 7c depicts the recording of optical signal transmission out of the MOF-coated
WG with a gas switching time interval of t = 1 min. Several cycles were repeated. The
alternate purging of N2 and CO2 caused the transmission signal to shift frequently and
reproducibly. When CO2 was released into the gas cell, the transmission rapidly fell and
maintained a largely constant level. The repeated cycle tests provide additional evidence of
the proposed MOF-based polymer WGs’ resilience and effectiveness as sensors. A further
experiment with t = 30 s was carried out to test the optical response of the planar WG sensor
to CO2 exposure during shorter gas changeover times. Figure 7d depicts the outcome. The
optical signal leaving the WG here also changes regularly due to the alternate purging
of N2 and CO2. Additionally, it can be shown that the short gas switching time results
in a high-power level when N2 is purged that lacks a clear steady state. The time from
the response’s beginning to 90% of its maximum in a steady state is referred to as the
adsorption and desorption times. The MOF-coated PMMA WG used in this study exhibits
CO2 adsorption and desorption times of approximately 6 s and 16 s, respectively, as shown
in Figure 7e. These findings show that the diffusion of gases into the MOF sensing layer
from the surrounding medium occurs at a very high rate. According to experimental
findings, the developed optical elements have good reversibility of the gas molecules’
adsorption and desorption, a sensitivity of 2.5 μW/5 vol% toward CO2 [68].
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Figure 7. Microscope images of (a) uncoated [68], (b) ZIF-8 coated WG [68], (c) response of the MOF-
coated WG to CO2 with gas switching time intervals of 1 min [68], (d) response of the MOF-coated
WG to CO2 with gas switching time intervals of the 30 s [68], and (e) adsorption and desorption time
of MOF-coated WG sensor [68].

4.3. Polymer WG-Based Temperature Sensors

In several industries and applications, including healthcare, consumer electronics,
transportation, and aerospace, temperature sensors are crucial [163,164]. To meet the
expanding demands for automation in production and monitoring, there is an expanding
market for temperature sensors that are high-performing, trustworthy, and affordable [165].
Such sensors are increasingly being included in materials (such as composites) during the
manufacturing process. Conventional electronic-based temperature sensors are unsuitable
for several tasks because of their sensitivity to electromagnetic interference [166].

Optical WGs on a planar substrate are an intriguing solution to fibers for sensing since
they may incorporate splitters, optoelectronic components, or even whole Bragg grating
interrogation systems [167,168]. Comparatively to single fiber sensors, the use of planar
foils makes it easier to position and align the sensors during integration. Due to the wide
range of materials that are readily accessible, each with unique features and optimized for
certain manufacturing methods, Bragg grating-based sensors in polymer WGs are becoming
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more and more popular in several applications [169–175]. Because of its high thermo-
optic coefficient, superior thermal stability, and relatively low absorption loss from visible
to telecom wavelengths, Ormocer, an inorganic-organic hybrid polymer, is an excellent
option to be utilized in the implementation of a Bragg grating-based temperature sensor.
Additionally, the material is economical, simple to utilize, and risk-free to handle without
specific safeguards. However, due to its oxygen inhibition and liquid condition during UV
exposure, traditional contact mask lithography makes it challenging to define nanometer-
scale WG features. An equivalent has been imprinting-based technology; however, because
of the rather thick residual layer, the reported structures made with this approach are
inverted-rib WGs [176]. To create a highly sensitive Ormocer-based WG Bragg grating
temperature sensor, a novel capillary filling-based duplication technique is suggested [177].
A series of polymer WGs imprinted with a wide area grating is patterned on top of an
under-cladding layer to create the sensor, which has a sensitivity of −249 pm/◦C at ambient
temperature and a working wavelength of 1530 nm [177].

The use of switchable molecular compounds in a polymer WG-based temperature
sensor system is described in [178]. A maskless lithographic optical system is used to
manufacture the polymer WG cladding, and hot embossing equipment is used to copy it
onto polymer material (for instance polymethyl methacrylate (PMMA)). The substance
used to monitor changes in outside temperature is a molecular combination of iron, amino,
and triazole. A mixture of core material (NOA68) is used to fill the WG’s core for this
purpose, and doctor blading and UV curing are used to solidify the molecular complex. In
the low-spin state, two distinct absorption bands are present in the molecular complex’s
UV/VIS light spectrum. A spin-crossover transition takes place when the temperature
gets close to room temperature, which causes the molecular complex to go from violet
pink to white (or spectral characteristics). With a hysteresis width of around 12 ◦C and a
sensitivity of 0.08 mW/◦C, the measurement of optical power transmitted through the WG
as a function of temperature displays a memory effect. In situations where electromagnetic
interference might skew the results, this permits optical rather than electrical temperature
detection [178].

A polymer WG incorporated in an optical fiber micro-cavity-based MZI was pre-
sented [179]. Femtosecond laser micromachining, fiber splicing, and single-mode fibers
were used to create the micro-cavity with two symmetric apertures. The 70 μm long
polymer WG was then fabricated using the two-photon polymerization manufacturing
technique and incorporated into the micro-cavity. A complete interference spectrum and
over 25 dB of fringe visibility were displayed by the MZI. The suggested MZI’s temperature
sensitivity exceeded 447 pm/◦C because of the strong thermo-optical coefficient of the
polymer material. Due to its flawless linearity (99.7%) and persistence, it may be utilized as
a trustworthy temperature sensor [179].

It is suggested to use an asymmetric MZI with varying widths in the two interferometer
arms as the foundation for an ultra-sensitive polymeric WG temperature sensor [180].
The device’s sensitivity was improved by using a polymer with a higher thermo-optic
coefficient (TOC). The effect of the two arms’ distinct widths and the cladding materials’
various TOCs on the sensor’s sensitivity was investigated and experimentally proven.
The devices were created by combining a straightforward all-wet etching method with
conventional photolithography. The sensitivity of the WG temperature sensor was found
to be 30.8 nm/◦C when the cladding material Norland optical adhesive 73 (NOA 73) and
the width difference of 6.5 μm were used. Additionally, the lowest temperature resolution
was almost 0.97 × 10−3 ◦C. The sensor has the specific benefits of high sensitivity, high
resolution, simple manufacture, low cost, and biological compatibility, making it potentially
useful for temperature detection of organisms, molecular analysis, and biotechnology [180].

With the use of bottom metal printing technology, multimodal responsive optical
WG sensors that make use of a stable cross-linking gel polymer electrolyte have been
successfully created [181]. Figure 8a depicts the prototype optical WG multimodal sensor’s
schematic structure diagram. First, Si substrates with SiO2 buffer layers are used to fabricate
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metal thermo-inducting electrode designs. Spin-coating and UV curing are used to cure a
gel polymer electrolyte that was self-created as a sensing WG material on metal electrodes.
By using the bottom metal printing process, the MMI WG sensing structure is directly
defined through electrode areas. The lift-off technique is used to detach the polymer films
off the thermo-inducting electrodes’ pads on both sides. Next, a printed circuit board
(PCB) is attached to the overall sensing WG chip using adhesive. On either side of the
chip, two further PCBs are connected. Copper and aluminum metal electrode pads on
two different PCBs with holes that are aligned to them might make a thermo-inducting
contact. Figure 8b provides the packed chip’s complete model diagram. Figure 8c,d show
the measurement systems of the multimodal photonic chip for temperature and humidity
sensing applications, respectively [181].

 

Figure 8. Graphical illustration of (a) the prototype of optical WG multimodal sensor [181],
(b) packaged photonic multimodal sensor [181], (c) measuring systems of the sensor for temper-
ature [181], and (d) measuring systems of the sensor for humidity [181].

It is simulated to characterize temperature and humidity sensing using a polymer
electrolyte. Considering the study of ion relaxation dynamics, the multimodal responsive
features of the photonic chip are established: optical attenuation and phase variables for
temperature and humidity sensing, respectively. The device’s temperature and humidity
sensitivities were measured at 0.5 rad/◦C and 1.14 dB/% RH, respectively, in the monitoring
temperature (36.0–38.0 ◦C) and relative humidity (45%–65%) ranges. The multifunctional
sensor’s quick reaction times may be calculated to be 4.21 ms and 1.32 s, for temperature
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and humidity, respectively. This study offers a workable plan for the development and use
of temperature and humidity sensors in possible medical procedures [181].

4.4. Polymer WG-Based Mechanical Sensors

Polymer WG-based mechanical sensors are devices that use the optical properties of a
polymer WG to detect mechanical changes. When the WG is deformed due to mechanical
stress or strain, the refractive index of the material changes, which alters the way that light
propagates through it. This change in the optical properties of the WG can be measured and
used to detect the presence and magnitude of the mechanical stress or strain. Polymer WG
mechanical sensors have a number of potential applications, including in structural health
monitoring, biomedical sensing, and environmental monitoring. There are different types
of polymer WG-based mechanical sensors, including cantilever-based sensors, micro-ring
resonator sensors, and Mach–Zehnder interferometer sensors. Each of these sensors has
its own advantages and disadvantages, and the choice of sensor depends on the specific
application requirements.

Optical sensors with low residual stress, straightforward manufacturing, and low
cost have been created employing polymer-based WG systems. In general, the mechanical
characteristics of polymers may be described in a manner quite similar to those of metals
or other common crystalline materials. This is especially true for elastic moduli and other
classes of strength measures like yield and tensile strengths. A wide range of biomedical
applications in sensing, diagnostics, and phototherapy have demonstrated considerable
potential for biocompatible polymeric optical WGs with soft and flexible mechanical fea-
tures [182]. Today, transparent touch-sensitive panels for portable devices like smartphones
and tablet computers are commonly used. These panels have become more functional and
versatile, enabling multipoint touch interaction in addition to single point touch, which is a
growing trend in touch sensing in electronic devices. Besides contact detection, pressure-
based touchscreen interaction increases usability. For instance, a touch-sensitive keyboard
performs better when pressing the keys. Recently, flexible or even stretchy touch sensors
were developed so they can work with flexible screens [166].

A high sensitivity of 8.2 ppm/Pa has been established for an optomechanical pressure
sensor employing polymer multimode interference (MMI) couplers [183]. It has been
established that a polymer WG sensor with a symmetric multilayer design may be used
to detect low humidity conc. [184]. When water molecules diffuse into the polymer WG,
the sensor records the resultant optical phase shifts. It is possible to reach a sensitivity
of several parts per million for humidity levels. Additionally, the sensor provides the
absolute sign of the movement of the generated interference fringes, which makes it simple
to identify trends in the index (increase or reduction) in the sensing layer. This work shows
a very promising future for the development of a small, disposable optical sensor with a
cheap cost for humidity sensing applications [184].

Stretchable polymeric optical WGs have also been researched for wearable body tem-
perature readings in addition to mechanical sensing [185]. One of the most important
physiological indicators that accurately identifies stages of health is body temperature.
The reading of wearable temperature sensors should be resistant to body motions and
independent of mechanical deformation for continuous and long-term temperature mon-
itoring. Utilizing PDMS optical fibers that have integrated upconversion nanoparticles,
a unique stretchable optical temperature sensor that can maintain its sensing capability
despite massive strain deformations (up to 80%) has been produced [185].

The main criteria, such as thin-film design, localized force sensing, multiple-point
identification, and bending resilience, as well as a quick response for a tactile sensor
functioning on curved surfaces, are satisfied by a polymer WG-based transparent and
flexible force sensor array [186]. A contact force with a location at 27 different spots is
detected by the force sensor array separately. The sensor array is elastic, thin (total thickness:
150 μm), as well as very transparent (transmittance: up to 90%). The force sensor can detect
contact forces at one or more points with a quick response (response delay: 10 ms), high

82



Coatings 2023, 13, 549

replicability (Pearson correlation coefficient: as high as 0.994, hysteresis: as low as 6.7%),
high sensitivity (as high as 16% N−1), and high bendability (10.8% sensitivity degradation
at a bending radius of 1.5 mm), all without utilizing any electronic components. Without
noticeably degrading its function, the sensor can detect pressure on curved objects as well
as soft ones like the human body. For detecting dynamic contact forces on different surfaces,
the force sensor could be employed in a variety of applications [186]. The fabrication
process of the sensor is shown in Figure 9a. The SEM image and an optical microscope
image of the sensing area is shown in Figure 9b,c, respectively. Despite its multilayered
configuration, the WG layer exhibits excellent optical transparency of 90% in the range
of 550–1000 nm, allowing removal from the stiff substrate without mechanical damage
as shown in Figure 9d. Due to the soft nature of the materials utilized for both the clad
and core, the WG-based thin force sensor is mechanically resilient to bending, twisting, or
folding and is capable of close contact with a forearm with great transparency and flexibility
as shown in Figure 9e–g [186].

 

Figure 9. (a) Fabrication process of a WG-based sensor, (b) SEM image, and (c) optical microscope
image of a WG [186], (d) an image showing the construction of the waveguide layer being peeled from
a Si wafer [186], (e) photo demonstrating the close proximity of a thin-film sensor to a forearm [186],
(f) the transparency of the sensor [186], and (g) a photograph and an optical microscope image (inset)
of a force sensor deformed by mechanical bending [186].
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A photopolymerizable resin solution that self-writes a strain sensor WG is described
as an experimental demonstration [187]. The sensor is created between two multi-mode
optical fibers using ultraviolet (UV) light waves, and it functions as a sensor by examining
the power that is passed through the WG in the infrared (IR) wavelength range. Following
sensor failure brought on by loading, the WG uses UV resin to re-bridge the gap between
the two optical fibers. Measurements reveal similarities in the responses of the original and
self-repaired sensors under strain [187].

Due to the weak mechanical strengths of most synthetic hydrogels, hydrogel optical
WGs are frequently brittle and unstable when subjected to strain deformations. Due to
the possibility of WG structural damage from body/tissue movement, this property limits
their use in wearable or implanted sensors. For the creation of optical fibers, hybrid
ionic/covalent hydrogels with high stretchability and toughness were used to produce
great deformability and robustness. Hybrid alginate–polyacrylamide hydrogels have been
molded and dip-coated to create robust, stretchable hydrogel optical fibers with an overall
step-index profile [188]. Table 2 presents the recently proposed polymer WGs employed
for biosensing, gas sensing, temperature sensing, and mechanical sensing.

Table 2. Recently proposed polymer WG-based biosensors, gas sensors, temperature sensors, and
mechanical sensors.

Polymer Sensor Design Application
Temperature
Range (◦C)

Sensitivity
Fabrication

Method
Numerical/Experimental Ref.

NOA 73 MZI Temperature - 30.8 nm/◦C Wet etching Experimental [180]

Gel polymer MZI Temperature 36–38 0.5π rad/◦C Bottom
metal-printing Experimental [181]

NOA 73 MZI -Temperature 25–75 −431 pm/◦C CMOS Experimental [189]

PDMS PhC Temperature 10–90 0.109 nm/◦C - Numerical [82]

PMMA BG Temperature −10–70 −48.6 pm/◦C Direct laser writing Experimental [190]

NOA68 Planar WG Temperature 18–35 0.08 mW/◦C Hot embossing Experimental [178]

COC BG Temperature 30–160 −7.3 pm/K Single writing step Experimental [191]

PDMS Metasurface Temperature 30–60 −0.18 nm/◦C - Numerical [192]

PDMS FPI-AWG Temperature 30–40 −0.854 dB/◦C - Experimental [193]

SU-8 Trimodal WG
interferometer Temperature 22–27 0.0586 dB/◦C Direct laser writing Experimental [194]

Ormocer BG Temperature 20–110 −150 pm/◦C Imprinting Experimental [195]

ZIF-8 Planar WG CO2 - 2.5 μW/5 vol% Hot embossing Experimental [68]

PHMB Modified BG CO2 - 226 pm/ppm - Numerical [196]

- Planar WG CO - - NIL Experimental [197]

PMMA Photonic crystal
nanocavity - 287 ppb/

√
Hz EBL Experimental [198]

PHMB Plasmonic WG CO2 - 135.95 pm/ppm Numerical [199]

PHMB Metasurface CO2 - 17.3 pm/ppm Numerical [98]

BCB and SU8 MZI Biosensing -
19,280 nm/RIU

and 16,500
nm/RIU

N/A Numerical [147]

FSU-8 and
PMMA BG Drug conc. - 1606.2 nm/RIU Direct UV writing Experimental [139]

PMMA and
NOA 63

Planar WG
structure Vitamin D - 0.752 pixel/nM Hot embossing and

doctor blading Experimental [149]

PMMA and
NOA 63

Planar optical
multi-mode WG

C-reactive
protein - 608.6 nm/RIU Hot embossing and

doctor blading Experimental [141]

PEI, PSS and
PAH Phase-shifted BG NaCl - 579.2 nm/RIU CMOS Experimental [200]

Ormocore Micro-ring Biosensing - - Soft UV NIL Experimental [201]
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Table 2. Cont.

Polymer Sensor Design Application
Temperature
Range (◦C)

Sensitivity
Fabrication

Method
Numerical/Experimental Ref.

Ma-P 1205 Trimodal
interferometer Biosensing - 2050 2π/RIU - Numerical [109]

SU8/PMATRIFE Ring resonator and
MZI Glucose - 17,558 nm/RIU CMOS Experimental [202]

Ormocore MZI Biosensing - 104 nm/RIU - Numerical [203]

PEI-B MZI STA-biotin - - Inkjet printing Experimental [204]

PMMA Polymer optical
fiber

Breath and
heartbeat -

Error compared
with reference:
1 cpm (breath)

4 bpm (heartbeat)

- Experimental [205]

PMMA Polymer optical
fiber

Smart textile:
Bending,

compression
- - Melt-spinning Experimental [206]

PDMS Polymer optical
fiber

Smart textile:
Bending,

compression
- - Moulding Experimental [206]

PMMA Polymer optical
fiber BG Pressure - Up to

71.9 ± 0.3 μm/MPa - Experimental [207]

-

Optical fiber-based
polymer

Fabry–Perot
interferometer

Gas pressure - 3.959 nm/MPa 3D-printed Experimental [208]

5. Conclusions and Outlook

The global sensor market is rapidly expanding due to the establishment and expansion
of new applications, such as medical devices that use noninvasive optical sensors and
environmental monitoring, which is gaining prominence due to an increase in the demand
for both indoor and outdoor air quality measurements. Several planar WG systems have
appeared in the last 10 years. They are characterized by the materials systems employed
and their distinct qualities, which confer restrictions and benefits on each. For a very
long period, most of these platforms were developed primarily to support applications
from the telecommunications industry. Because of the wide variety of chemical structures
and inherent features that polymers may take on, they have long been regarded in the
engineering community as exceptional materials systems. However, due to their ease of
manufacture in recent years, polymer optics have drawn increased interest.

Polymer WGs can be designed with small core diameters, which increases the sensitiv-
ity of the sensor to changes in the environment. These WGs are typically less expensive to
manufacture than other types of optical fibers, making them an attractive option for cost-
sensitive applications and can be bent and shaped into a variety of configurations, which
allows for easy integration into various applications and environments. These WGs are
typically lighter than other types of optical fibers, which makes them ideal for portable and
mobile applications. They are typically more durable and resistant to damage than other
types of optical fibers, which makes them suitable for use in harsh environments, and can be
easily integrated with other optical components, such as lenses, detectors, and electronics,
which makes them a flexible and versatile option for a variety of applications. Keeping in
mind the potential of polymer WG sensors, four main sensing applications which include
biosensing, gas sensing, temperature sensing, and mechanical sensing are reviewed.

Nevertheless, polymer sensors are not significantly inferior to sensors based on in-
tegrated photonics or classical FBG sensors. We have previously mentioned that the
sensitivity of FBGs based on polymer fibers can exceed 1600 nm/RIU. At the same time, the
sensitivity of refractive index sensors based on inorganic FBGs varies in different sources.
Thus, in [209], a sensitivity of 1210.49 nm/RIU is shown. In [210], the sensitivity of a
phase-shifting FBG is 463.7953 nm/RIU. At the same time, in [211], the sensitivity varies
from 1008 dB/RIU for the high RI range to 8160 dB/RIU for the low RI range; however, a
high sensitivity value is achieved by optimizing the cladding diameter, which is a techno-
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logically complex process. The sensitivity of sensors based on integrated photonics devices
is often inferior to polymer sensors. In this case, the advantage of integrated photonics is
the ability to implement the entire sensor system (including the interrogator) on a single
chip [212,213].

A wide range of polymeric materials and methods of their use suggests expanding
areas of application and production methods. For example, [214] shows the possibility of
creating polymer fibers based on natural cellulose, transparent in the wavelength range
from 500 nm to 4000 nm. The work [215] shows broad prospects for the creation of
MWIR-range (Mid-Wavelength Infrared) devices, opening up with the use of organically
modified chalcogenides (ORMOCHALC). The work shows the prospects for the creation of
polymer optical fibers based on multi-materials (PMMA and Polycaprolactone (PCL)) for
use in sensors. Finally, work [216] demonstrates the possibility of increasing the sensitivity
of the SPR sensor when using meta-dielectric materials up to 1700 nm/RIU. Thus, the
development and application of polymer-based sensors is a rapidly developing field of
knowledge with a wide range of applications and prospects.
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Abstract: The progress of nanotechnology has prompted the development of novel marine antifouling
coatings. In this study, the influence of a pristine graphene nanoplatelet (GNP)-modified surface in
cyanobacterial biofilm formation was evaluated over a long-term assay using an in vitro platform
which mimics the hydrodynamic conditions that prevail in real marine environments. Surface
characterization by Optical Profilometry and Scanning Electron Microscopy has shown that the main
difference between GNP incorporated into a commercially used epoxy resin (GNP composite) and
both control surfaces (glass and epoxy resin) was related to roughness and topography, where the
GNP composite had a roughness value about 1000 times higher than control surfaces. The results
showed that, after 7 weeks, the GNP composite reduced the biofilm wet weight (by 44%), biofilm
thickness (by 54%), biovolume (by 82%), and surface coverage (by 64%) of cyanobacterial biofilms
compared to the epoxy resin. Likewise, the GNP-modified surface delayed cyanobacterial biofilm
development, modulated biofilm structure to a less porous arrangement over time, and showed a
higher antifouling effect at the biofilm maturation stage. Overall, this nanocomposite seems to have
the potential to be used as a long-term antifouling material in marine applications. Moreover, this
multifactorial study was crucial to understanding the interactions between surface properties and
cyanobacterial biofilm development and architecture over time.

Keywords: antifouling surface; biofilm architecture; cyanobacterial biofilm; graphene; marine biofouling

1. Introduction

The oil, gas, and maritime industry are significantly impacted by biofouling, either
through the costs related to the increased fuel consumption, hull cleaning, material de-
terioration, repainting, and corrosion [1], or even by the management intervention time
and incorrect measurements in the submerged and moored sensors [2]. Ecologically, foul-
ing events in marine environments promote species invasion and the establishment of
exotic biofouling species in ports [3]. Moreover, biofouling can be a major concern in
health-related problems since contamination of aquaculture facilities, such as fish cages,
can occur by toxin accumulation, and air pollution may be increased through greenhouse
gas emissions [4].

The non-toxic marine antifouling approaches available in the market are often expen-
sive and not as effective as conventional biocides, which can accumulate in the marine
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environment and affect non-target aquatic organisms. Inorganic ingredient-based coat-
ings have been used for biofouling prevention, including silver nanoparticles [5], carbon
nanotubes (CNTs) [6], graphene [7], and metal oxides semiconductors such as zinc oxide
(ZnO) [8] and titanium dioxide (TiO2) [9]. Overall, antifouling marine paints containing
nanomaterials have been reported to offer superhydrophobicity, microbial resistance, high
durability, water repellency, anti-sticking, and anti-corrosive properties [10], being novel
solutions for the sustainable development of the maritime industry. Advancements in
materials technology have introduced carbon nanomaterials such as CNTs and graphene
as a powerful approach for various applications in the marine and shipping industries [11].
Graphene consists of a single layer of carbon atoms arranged in a sp2-bonded hexago-
nal pattern. It is considered one of the strongest and thinnest materials available, which
shows high specific surface area, electrical conductivity, and thermal stability, making it
appealing for different applications [12,13]. Moreover, due to its high strength level [14],
this material is a breakthrough alternative in the naval industry. All these features make
the application of graphene in technical processes of maritime industries attractive, such
as in water management systems, desalination, removing toxic pollutants and filtering
gasses, and as a coating material [15–17]. As a coating on marine structures, besides the
anti-corrosive properties, graphene can also be used in de-icing surfaces for ship opera-
tions in extremely low-temperature regions, such as the Arctic and Antarctica, due to its
electrical conductivity [15].

Nanotechnology-based technologies can be of great interest in creating novel low-
toxic antifouling coatings [18]. However, analysis of the literature indicates that there
is little information about the use of pristine graphene. Indeed, most in situ studies on
graphene-based surfaces were performed with functionalized graphene and graphene
oxide (GO) coatings [19–23]. Diatom adhesion was completely inhibited after 10 days by
surfaces containing 0.36 wt% GO [24]. In turn, GO-silver nanoparticle coatings improved
antibacterial and anti-algal properties [25], and showed more than 80% Halomonas pacifica
biofilm inhibition [26]. Since the current trend is to study the potential of modified and
functionalized graphene, the antibiofilm performance of graphene alone is poorly un-
derstood. Moreover, most in vitro studies are usually performed for short periods and
under hydrodynamic conditions that do not mimic the real marine environment [27]. In
fact, some of the in vitro studies have been performed until 24 h [6,23,25,28,29], most of
them between days and weeks [7,19,20,24,30–33], but only a study performed by Fazli-
Shokouhi et al. [34] extended the assay period for 3 months to evaluate the antifouling
potential of graphene-based coatings. Moreover, these studies focus on organisms other
than cyanobacteria, namely diatoms, algae, and macrofoulers. Therefore, the main goal of
this work was to evaluate the potential of a graphene composite surface to prevent and
control the development of biofilms by marine microfoulers over a long-term assay and
using an in vitro platform that mimics the hydrodynamic conditions found in real marine
scenarios. Cyanobacterial biofilm architecture was evaluated by three different imaging
techniques: Optical Coherence Tomography (OCT), Confocal Laser Scanning Microscopy
(CLSM), and Scanning Electron Microscopy (SEM). Since the epoxy resin is a commercially
available coating generally used to coat the hulls of small recreational vessels [35,36] due
to its exceptional physical, chemical, and mechanical properties, no safety issues, and
low cost [37], pristine graphene nanoplatelets (GNP) were incorporated into this polymer
matrix. Furthermore, epoxy composites exhibited high durability and resistance to fatigue
and UV irradiation [38]. Surface characterization was also performed by water contact
angle measurements, Optical Profilometry, and SEM.

2. Materials and Methods

Figure 1 presents the flowchart of the experimental work fully described in the up-
coming sections.
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Figure 1. Scheme of the experimental steps of the present work.

2.1. Surface Preparation

Two control surfaces (glass, a commonly submerged artificial surface found on di-
verse equipment in aquatic environments, and epoxy resin, a commercially available
marine coating) and a GNP composite were tested to determine their performance against
cyanobacterial biofilm development. The epoxy resin-coated glass was prepared following
the protocol described by Faria et al. [39]. Briefly, HB Eposurf 2 resin and HB Eposurf
hardener, both from HB Química (Matosinhos, Portugal), were mixed in a ratio of 10:3
(v/v). To produce the epoxy resin-coated surfaces, 70 μL of the above mixture was placed
on top of 1 cm × 1 cm glass coupons (Vidraria Lousada, Lda, Lousada, Portugal) using a
spin coater (Spin150 PolosTM, Paralab, Porto, Portugal) at 6000 rpm for 40 s. After 12 h at
room temperature, the surfaces were dried for 3 h at 60 ◦C.

The methodology for the preparation of the GNP composite was adapted from Oliveira
et al. [40], in which the polydimethylsiloxane (PDMS) matrix was replaced by the epoxy
resin. Briefly, after mixing the two epoxy resin components, 5 wt% of GNPs aggregates
(Alfa Aesar, Thermo Fisher Scientific, Erlenbachweg, Germany) were incorporated into
the epoxy resin mixture. The specific surface area (SBET), external surface area (Smeso),
micropore volume (Vmicro), and total pore volume (Vp) of these GNPs are 464 m2 g−1,
363 m2 g−1, 0.045 cm3 g−1, and 0.535 cm3 g−1, respectively [40]. In the same study [40],
5 wt% was demonstrated to be an effective load in reducing single- and mixed-species
biofilms of Pseudomonas aeruginosa and Staphylococcus aureus formation after 24 h. After the
incorporation step, 70 μL of the composite (5 wt% GNP/epoxy resin) was deposited on
glass squares by spin coating.
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2.2. Surface Characterization
2.2.1. Wettability

The measurement of water contact angles (θw) was performed through the sessile drop
method using an SL200C optical contact angle meter (Solon Information Technology Co.,
Ltd., Shanghai, China) as previously described [41,42]. At least 25 determinations for each
material at room temperature were performed.

2.2.2. Optical Profilometry

Optical profilometry was used to determine the average roughness (Sa) of the glass,
epoxy resin, and GNP composite surfaces, as previously performed by Whitehead
et al. [43,44]. A MicroXAM surface mapping microscope (ADE Corporation, XYZ model
4400 mL system, Tucson, AZ, USA), with an objective of 50× and connected to an AD phase
shift controller (Omniscan, Wrexham, UK), was used to image five areas (167 μm × 167 μm)
of at least four different coupons. The MapView AE 2.17 software (Omniscan, Wrexham,
UK) was chosen to determine the (Sa) values through extended range vertical scanning in-
terferometry, and the 3D images were extracted by SPIPTM 6.7.9 software (Image Metrology
A/S, Hørsholm, Denmark).

2.2.3. Scanning Electron Microscopy (SEM)

The surface morphology of the three surfaces used in this study was investigated
using SEM. The surfaces were placed on SEM stubs (Agar Scientific, Stansted, UK) and
sputter-coated with gold for 30 s in an SEM coating system (Polaron, London, UK). The
secondary electron detector of a Supra 40VP scanning electron microscope (Carl Zeiss Ltd.,
Cambridge, UK) was used to obtain images of at least three coupons for each surface at an
accelerating voltage of 2 kV.

2.3. Organism and Inoculum Preparation

A filamentous cyanobacterial strain Lusitaniella coriacea LEGE 07157 was obtained from
the Interdisciplinary Centre of Marine and Environmental Research (CIIMAR), Matosinhos,
Portugal [45]. Lusitaniella coriacea LEGE 07157 was isolated by rock surface scraping from
a zone tide pool at Lavadores beach, Porto, Portugal (41.12919 N 8.668578 W). It was
grown in Z8 medium [46] enhanced with 25 g L−1 of synthetic sea salts (Tropic Marin) and
vitamin B12 (Sigma Aldrich, Merck, Saint Louis, MO, USA), and at 25 ◦C under 14 h light
(10–30 μmol photons m−2 s−1, λ = 380–700 nm)/10 h dark cycles, as recommended by
Ramos et al. [45].

2.4. Biofilm Formation

Cyanobacterial suspensions were adjusted to a chlorophyll a concentration of
1.22 ± 0.09 μg mL−1 since this pigment is unique and predominant in all groups of
cyanobacteria and its quantification is a standard methodology to estimate the biomass in
marine environments [47,48]. Briefly, cyanobacterial cells were collected by centrifugation
(3202× g for 5 min) and a volume of 2 mL of 99.8% methanol (Methanol ACS Basic, Scharlau
Basic, Barcelona, Spain) was added. After 24 h of dark incubation at 4 ◦C, cyanobacterial
suspensions were centrifuged and absorbance measurements of the supernatant were
performed at 750 nm (turbidity), 665 nm (chlorophyll a), and 652 nm (chlorophyll b)
(V-1200 spectrophotometer, VWR International China Co., Ltd., Shanghai, China). The
values obtained were used to calculate chlorophyll a concentration (μg·mL−1) through
Equation (1) [49]:

Chl a
(
μg · mL−1

)
= 16.29 × A665 − 8.54 × A652 (1)

Biofilm formation was tested on agitated 12-well plates (VWR International, Car-
naxide, Portugal) under previously optimized conditions for cyanobacterial biofilm de-
velopment [47]. All coupons and plates were subjected to UV sterilization, after which
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the coupons were fixed on double-sided adhesive tape [40,47]. A volume of 3 mL of the
adjusted cyanobacterial suspension was added to each well. To mimic the hydrodynamic
conditions found in marine environments, microplates were then incubated at 25 ◦C in
a shaker with a 25 mm orbital diameter (Agitorb 200ICP, Norconcessus, Ermesinde, Por-
tugal) at 185 rpm, resulting in an average shear rate of 40 s−1 [47]. Biofilm formation
in this platform includes the shear rate valued for a ship in a harbor, 50 s−1 [50], and it
was shown to predict the biofouling behavior observed upon immersion in the sea for
prolonged periods [51]. Moreover, to simulate marine biofilm formation on submerged sur-
faces, microtiter plates were kept under 14 h light (8–10 μmol photons m−2 s−1)/10 h dark
cycles [47,52,53]. The light intensity was decreased from 10–30 μmol photons m−2 s−1 to
8–10 μmol photons m−2 s−1 because biofouling organisms have reduced access to light
when in immersion (either by the effect of the marine equipment/device/ship to which
they are attached, or by the influence of the biofilm structure in which the accumula-
tion of different organisms occurs, and some of them are located in the inners layers of
biofilm). Since a 2-month interval for maintenance is the minimum time for economically
viable underwater monitoring systems [47], biofilm development was followed for 7 weeks
(49 days), and during this incubation time, the medium was changed twice a week in the
sample and control wells.

2.5. Biofilm Analysis

Two coupons of each surface were analyzed every 7 days. For that, the culture
medium was removed and the wells were filled with 3 mL of sodium chloride solution
(8.5 g L−1) [47]. The solution was carefully removed and the wells were filled again with
3 mL of sodium chloride to assess the cyanobacterial biofilm structure through Optical Co-
herence Tomography (OCT). The determination of biofilm wet weight was also performed
over 7 weeks, and at the end of the experiment (49 days), cyanobacterial biofilm architec-
ture and morphology were analyzed by Confocal Laser Scanning Microscopy (CLSM) and
SEM, respectively.

2.5.1. Optical Coherence Tomography (OCT)

Images from cyanobacterial biofilms were captured as reported by Romeu et al. [47]
through OCT (Thorlabs Ganymede Spectral Domain Optical Coherence Tomography sys-
tem with a central wavelength of 930 nm, Thorlabs GmbH, Dachau, Germany). Briefly,
for each coupon, 2D imaging was performed (with a minimum of 2 fields of view) and
evaluated through a routine developed in the Image Processing Toolbox from MATLAB
8.0 and Statistics Toolbox 8.1 (The MathWorks, Inc., Natick, MA, USA) [54]. The mean of
biofilm thickness was calculated according to Equation (2):

LF =
1
N ∑N

i=1 LF,i (2)

where LF,i is a local biofilm thickness measurement at location i, N equals the number of
thickness measurements, and LF is the mean biofilm thickness. The percentage of empty
spaces in the biofilm structure, as well as their average size, was also assessed [55].

2.5.2. Wet Weight Determination

The determination of the biofilm wet weight was performed as previously reported [56]
and considered as the difference from the initial coupon weight determined before inoculation.

2.5.3. Confocal Laser Scanning Microscopy (CLSM)

Biofilms with 49 days were stained with 6 μM SYTO®61 (Thermo Fisher Scientific,
Waltham, MA, USA), mounted on a microscopic slide, and observed in a Leica TCS SP5
II Confocal Laser Scanning Microscope (Leica Microsystems, Wetzlar, Germany) with a
40× water objective lens (Leica HCX PL APO CS 40.0x/1.10WATER UV) and 633-nm
helium-neon laser. Image stacking was acquired with a z-step of 1 μm for each sample at a
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minimum of five random fields of 387.5 μm × 387.5 μm (equivalent to 512 pixels × 512
pixels. The “Easy 3D” tool of the IMARIS 9.1 software (Bitplane, Zurich, Switzerland) was
used to create 3D projections of the biofilms. Additionally, biofilm architectural parameters
such as biovolume (μm3 μm−2) and surface coverage (%) were determined using the
COMSTAT image-analysis software [57].

2.5.4. SEM

After 49 days of incubation, Lusitaniella coriacea LEGE 07157 biofilms grown on the
three tested surfaces were observed by SEM. Samples were taken from the microplates,
dehydrated with increasing ethanol concentrations (10, 25, 40, 50, 70, 80, 90, and 100%
(v/v)), and left in a desiccator until microscopic analysis [58]. Then, they were sputter-
coated using the equipment and conditions described before and imaged in the Supra 40VP
scanning electron microscope.

2.6. Statistical Analysis

Two biological experiments with two technical replicates each were analyzed. Quan-
titative parameters obtained from biofilm wet weight, OCT, and CLSM were compared
using one-way ANOVA with Tukey’s multiple comparisons test (GraphPad Prism® ver-
sion 6.01, GraphPad Software, Inc., San Diego, CA, USA). Statistically significant dif-
ferences between the different surfaces for the same sampling day were considered for
p values < 0.05 (corresponding to a confidence level greater than 95%). The error bars
represent the standard deviation (SD) of the mean.

3. Results and Discussion

3.1. Surface Analysis

It is known that surface properties, including wettability, roughness, and morphol-
ogy, are important factors governing initial bacterial adhesion to surfaces and conse-
quently affect the development of mature biofilms [59]. Therefore, the three tested surfaces
(glass, epoxy resin, and GNP composite) were evaluated regarding (i) wettability by wa-
ter contact angle measurements, (ii) topography and roughness by Optical Profilometry,
and (iii) morphology by SEM.

Results obtained from water contact angle measurements are shown in Figure 2a.
Contact angle determination provides information about the wettability of the surface, i.e.,
the tendency of the fluid to spread on a surface, and the hydrophobicity of the surface,
which describes the tendency of non-polar molecular aggregation and, consequently, water
molecule repulsion [60]. Surfaces can be classified as superhydrophilic, hydrophilic, hy-
drophobic, or superhydrophobic, if the contact angle of water with the surfaces is lower
than 10◦, between 10◦ and 90◦, between 90◦ and 150◦, or over 150◦, respectively [61]. While
glass is considered hydrophilic (θw = 40.9◦ ± 7.4◦), the GNP composite (θw = 68.6◦ ± 2.4◦)
and epoxy-coated surfaces (θw = 76.3◦ ± 2.5◦) are slightly more hydrophobic than glass.
The wettability of the epoxy resin was weakly affected by the incorporation of graphene on
the coating; the GNP composite is slightly more hydrophilic than the resin. Similar results
were observed in previous studies [40,62]. In fact, in a study performed by Rafiee et al. [62],
the water contact angle of a copper substrate coated with graphene was up to 90.6◦, while
that of the pure copper substrate was about 85.9◦. Oliveira and her coworkers [40] also
verified that 5 wt% GNP/PDMS and PDMS surfaces presented similar water contact angles,
121.8◦ and 110.2◦, respectively. Since the wetting properties at the water–graphene interface
had little effect on the water–substrate interaction, this peculiar wettability of graphene has
been described by the term “wetting transparency of graphene” [62]. In the present study,
as dispersed GNPs were used instead of graphene layers, it is conceivable to assume that
the wettability of the substrate may be even less affected by the presence of graphene.
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Figure 2. Water contact angles (a) and average roughness (Sa) (b) of the tested surfaces. The means ± SD
are shown.

Results obtained from roughness analysis are shown in Figures 2b and 3. The GNP
composite was the roughest surface (Sa = 1351 nm), followed by the epoxy resin (Sa = 13 nm)
and glass (Sa = 10 nm). Therefore, the average roughness values of both control surfaces are
on the nanometric scale, being about 1000 times lower than the roughness value determined
for the GNP composite (Figure 2b). The difference in roughness and topography between
the graphene composite and both control surfaces (glass and epoxy resin) is particularly
evident in the 3D images of the surfaces given by profilometry (Figure 3). While glass
and resin without incorporated carbon material were homogeneous and smooth surfaces
(Figure 3a,b, respectively), the nanocomposite presented some irregularities distributed
along the analyzed surface area (Figure 3c). Looking at the SEM images (Figure 4c,d), it
was possible to confirm that these surface elevations correspond to agglomerated graphene
nanoplatelets in the polymer matrix. Some of the larger agglomerates had sizes ranging
from 7–30 μm.

 

Figure 3. 3D profilometer images of glass (a), epoxy resin (b), and GNP composite (c).
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Figure 4. SEM images of glass (a), epoxy resin (b), GNP composite (c), and magnified GNP
composite (d). The micrographs have a magnification of 500×, except for (d), which corresponds to a
higher magnification image (10,000×) of the surface area marked in red in (c).

It is a challenge to disperse GNPs, especially compared to other carbon materials such as
CNTs, due to the van der Waals forces and a strong π–π interaction between the individual
GNP sheets, which are responsible for their layer-stacked compact structure [40,63]. Their
incorporation in the polymeric resin may facilitate graphene dispersion, thus reducing
the tendency to aggregate [64]. In the higher magnification image of the GNP composite
(Figure 4d), it was interesting to detect some areas on top of the embedded GNP clusters
where this carbon material was more exposed. It is described that one of the factors
directing the antimicrobial activity of graphene is the agglomeration tendency, which
causes a reduced surface area and shape alteration [65,66]. However, the presence of more
exposed GNPs in the epoxy resin may facilitate their interaction with the microorganisms
that come in contact with the surface, triggering the predominant antimicrobial mechanisms
of this carbon nanomaterial—oxidative stress, mechanical damage of cell membrane/wall
by nanoknives, and wrapping/trapping [66,67].

In vitro assays showed that no detectable leaching occured under the conditions used
in this work as assessed by UV-Vis spectroscopy (data not shown).

3.2. Biofilm Development

As there are several mechanisms affecting the microbial response and the disruption
of biofilm architecture, the long-term antifouling properties of a given surface for marine
applications should be extensively studied. Although the Minimal Inhibitory Concentration
(MIC) of the studied GNPs could not be determined for Lusitaniella coriacea LEGE 07167 (it is
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a filamentous cyanobacterium and therefore cell numbers cannot be accurately determined),
it was found to be higher than 5% (w/v, in a VNSS suspension assay) for a model marine
bacterium (Cobetia marina). Cyanobacterial biofilm development was monitored over
7 weeks (49 days) and the quantitative results obtained from wet weight determination
and 2D OCT analysis are shown in Figure 5. The values regarding the biofilm thickness,
the percentage of empty spaces, and the average size of empty spaces on biofilm structure
(Figure 5b–d) are indicated from day 14 since the biofilm thickness was below the OCT
range on the first sampling day. Although a progressive increase in biofilm development
was observed from the results of wet weight (Figure 5a) and biofilm thickness (Figure 5b),
this evolution over the 7 weeks was more noticeable on glass and epoxy resin than on
the GNP composite. Indeed, for biofilm wet weight (Figure 5a), from day 7 to day 49, an
increase of 84 %, 77 %, and 67 % was observed for glass, epoxy resin, and GNP composite,
respectively, while for biofilm thickness (Figure 5b), from day 14 to day 49, an increase of
85 %, 86 %, and 58 % was observed for the same surfaces. This behavior was also seen
regarding biofilm architecture (Figure 5c) given that an increase of 92 %, 98 %, and just
28 % for the percentage of empty spaces was observed on glass, epoxy resin, and GNP
composite. This suggests that graphene-modified surfaces may delay biofilm development
(Figure 5a,b) and change its structure to a less porous arrangement (Figure 5c). Additionally,
on days 35, 42, and 49, a reduction of biofilm wet weight and thickness was observed on
the GNP composite surface when compared to the epoxy resin itself. In fact, on days 35, 42
and 49, the wet weight values obtained for the GNP composite were 46 %, 47 %, and 44 %
lower than those obtained on the epoxy resin surface, respectively (Figure 5a). For biofilm
thickness on the same days, the values obtained on the GNP composite were 46 %, 42 %,
and 54 % lower than those obtained on the epoxy resin surface, respectively (Figure 5b).
The delay effect caused by this carbon nanomaterial on cyanobacterial biofilm development,
as well as the greater antifouling effect on the maturation stage of biofilm development,
was also observed in previous work where CNT-modified surfaces were used as potential
antifouling surfaces [42]. In addition, in the maturation stage of biofilm development
(days 42 and 49), a lower percentage of empty spaces (Figure 5c) and an average size of
empty spaces on biofilm structure (Figure 5d) were detected for biofilms formed on the
GNP composite when compared with control surfaces (glass and epoxy resin).

Figure 6 shows representative 2D cross-sectional images of Lusitaniella coriacea LEGE
07157 biofilm development on glass, epoxy resin, and GNP composite after 49 days. These
images corroborate the quantitative data obtained from biofilm biomass (Figure 5a,b) and
empty spaces on biofilm architecture (Figure 5c,d) since a lower amount of biofilm mass
and percentage of empty spaces and its average size were observed on the GNP composite
compared to the control epoxy resin. Although the reduced biofilm development on
the GNP-based coating may be beneficial for the performance of marine devices and/or
equipment, the efficacy of chemical methods to eradicate biofilms formed on this surface
material may be hampered. Given the lower percentage of empty spaces and their smaller
average size shown in biofilms formed on the GNP composite, the diffusion of chemical
compounds typically used for biofouling control through the inner layers of the biofilm may
be hindered [68]. The biofilm structure could also be compared between the three surfaces.
While a flatter and homogeneous biofilm was observed on glass (Figure 6a), biofilms
formed on the epoxy resin (Figure 6b) and GNP composite (Figure 6c) had heterogeneous
shapes. Additionally, more streamers could be observed on top of the biofilm developed on
the epoxy resin surface (Figure 6b), which probably contributed to the higher thickness of
biofilms developed on this surface compared to the GNP composite (Figure 5b). Opposing
results were obtained in a previous study focused on CNT-based surfaces [42], in which
a flatter and homogeneous cyanobacterial biofilm was observed on the CNT composite.
However, this divergent finding may be related to the use of a different cyanobacterial
strain and carbon-based surface.
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Figure 5. Lusitaniella coriacea LEGE 07157 biofilm development on different surfaces: glass (black),
epoxy resin (grey), GNP composite (white). The parameters analyzed refer to biofilm wet weight (a),
biofilm thickness (b), average percentage of empty spaces (c), and their respective average size (d) on
biofilm structure. Mean values and SD from two biological assays with two technical replicates each
are represented. For each sampling day, different lowercase letters (a, b, and c) indicate significant
differences between surfaces (p < 0.05).

 

Figure 6. Representative 2D cross-sectional OCT images obtained for Lusitaniella coriacea LEGE 07157
biofilms on glass (a), epoxy resin (b), and GNP composite (c) after 49 days. The empty spaces on the
biofilm structure are indicated in blue (scale bar = 100 μm).

Comparing the biofilm structure over the 49 days (Figure 5b,c), it was possible to
observe different patterns between biofilms formed on the epoxy resin without and with
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embedded GNPs. In the early stages of biofilm formation (days 14 to 28), biofilms formed on
the GNP composite were thicker and presented a higher percentage of empty spaces when
compared to the epoxy resin surface, while in the maturation phase (days 35 to 49) these
parameters became lower. These findings suggest that the higher roughness of the GNP
composite may initially promote the development of a porous and thicker biofilm, and at
the maturation stage, a biofilm structural arrangement may occur. In fact, 2D cross-sectional
OCT images obtained for Lusitaniella coriacea LEGE 07157 biofilms after 28 days (Figure S1
in Supplementary Material) revealed that biofilms formed on the GNP composite presented
a higher number of streamers than the older biofilm (Figure 6c). Initially, to avoid the direct
contact with GNP present on epoxy resin, cyanobacterial cells may have adapted their
adhesion for vertical biofilm growth rather than a homogeneous development along the
surface, contributing to the higher values of thickness between days 14 and 28. Although
some previous studies revealed that the first dead cells could prevent the direct contact
of live cells with graphene oxide (GO) surfaces, serving as a nutrient for live cells and
consequently enhancing biofilm formation [69], the differences in architectural adaptation
observed over time may provide an additional explanation for the antibiofilm mechanisms
of the GNP composite. Indeed, values obtained from the biofilm roughness coefficient
(Figure S2 in Supplementary Material) showed that all biofilms formed on day 28 presented
a higher roughness compared with biofilms developed on day 49 (p < 0.05), including
biofilms formed on the GNP composite.

Moreover, it was also hypothesized that the inability of Lusitaniella coriacea LEGE 07157
to form a dense and robust biofilm on the GNP composite was related to the damaging
effect of graphene in the first cells adhered to the surface. These bacterial cells could be
affected by the higher roughness of the graphene-based nanocomposite since the surface
peaks corresponding to GNP clusters may directly affect bacterial viability by increasing the
surface contact area and, consequently, the piercing action of exposed graphene particles.
These initial adhered cells would become more fragile, probably leading to the improper
adherence of the following layers of cells and hindering long-term biofilm formation.
In previous work, Oliveira et al. [70] showed that 5 wt% GNP/PDMS surfaces reduced
the number of total (57%), viable (69%), culturable (55%), and VBNC cells (85%) of 24-h
S. aureus biofilms compared to PDMS [40]. Besides cell death, the increased permeability
of cell membranes caused by nanoparticles may affect extracellular polymeric substances
(EPS) production, resulting in a disrupted 3D structure of biofilm.

The CLSM analysis was performed to analyze structural differences between the
biofilms formed on the three tested surface materials (glass, epoxy resin, and GNP compos-
ite; Figure 7). While the 49-day-old biofilm developed on glass was dense, preventing the
observation of individual filaments on the cyanobacterial cells in the top view (Figure 7a),
the biofilms formed on epoxy resin surfaces without and with GNPs (Figure 7b,c, respec-
tively) displayed randomly distributed filaments. Furthermore, a drastic reduction in total
biofilm amount was observed on the GNP composite when compared to both glass and
epoxy resin surfaces. This was corroborated by the quantitative data extracted from the
confocal stacks (Figure 7d,e), in which a decrease in biovolume (on average 86%, p < 0.05;
Figure 7d) and surface coverage (on average 65%, p < 0.05; Figure 7e) was observed on the
graphene-based surface compared to control surfaces.
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Figure 7. Three-dimensional confocal reconstructions of Lusitaniella coriacea LEGE 07157 biofilms
grown on (a) glass, (b) epoxy resin, and (c) GNP composite after 49 days of incubation (white scale
bars = 50 μm). These images show the biofilm aerial view, with the virtual shadow projection
on the right (representative of biofilm thickness). Biovolume (d) and surface coverage (e) values
of cyanobacterial biofilms were extracted from confocal files with the COMSTAT program. The
means ± SD are presented. Different letters in the graphs (a, b, and c) indicate a significant difference
among surfaces (p < 0.05).

The morphology of 49-day-old Lusitaniella coriacea LEGE 07157 biofilms on glass, epoxy
resin, and GNP composite surfaces was also studied by SEM (Figure 8). The appearance
of the biofilm developed on each surface was different, particularly when comparing the
biofilm formed on glass (Figure 8a) with that formed on the epoxy resin without and
with GNPs (Figure 8b,c, respectively). Indeed, the biofilm formed on the glass surface
was very dense, and filamentous cyanobacteria were completely embedded in a complex
matrix, which is a crucial feature of biofilm formation, making it impossible to distinguish
the morphology of the individual Lusitaniella coriacea cells. Contrariwise, the electron
micrograph of the epoxy resin surface (Figure 8b) displayed mesh-like structures around
the Lusitaniella cells (possibly resulting from exopolysaccharide secretion), and filaments
made of chains of cells that covered the entire surface and which were arranged in random
directions. The cyanobacterial filaments were even more visible in the biofilm formed
on the GNP composite, where the amount of extracellular material seemed to be lower
and where uncovered areas of surface areas could be seen (Figure 8c). Therefore, SEM
observations corroborated the results of the biofilm wet weight (Figure 5a), and those
obtained by OCT (Figure 6) and CLSM (Figure 7), indicating that the graphene composite
surface had a lower biofilm amount than the control surfaces after 49 days. Likewise, SEM
micrographs also supported the finding that GNP-modified surfaces may decrease EPS
production, resulting in a disrupted 3D structure of biofilm at the maturation stage. Similar
results were obtained on CNT-based surfaces compared to the control surfaces (glass and
epoxy resin) since SEM images of cyanobacterial biofilm grown on the CNT composite
presented lower-density cell aggregates [42].
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Figure 8. SEM micrographs of Lusitaniella coriacea LEGE 07157 biofilms grown on glass (a), epoxy
resin (b), and GNP composite (c) after 49 days of incubation. Magnification = 2500×; scale bar = 10 μm.

This work may be limited by the use of cyanobacterial monocultures, the lack of field
tests, and the absence of surface tribological characterization for long periods of immersion.
Taking into account that the most studied forms of graphene within the marine context
are GO and GO functionalized with metal nanoparticles [27], further experimental assays
with other graphene-based surfaces for the marine environment should be performed.
These assays can comprise different physical and chemical properties (e.g., dimension,
number of layers, and functionalization), but also focus on factors related to the production
of the surface (e.g., graphene loading, nanoparticle dispersion, and aggregation) [71–73].
Future in situ studies should also include other foulers, as well as being performed for
a longer period since, in the present study, a distinct effect was observed over time. In
fact, few studies on graphene-based surfaces were performed over one [19,20] or more
months [34]. Although different optical techniques have been used in this study, fur-
ther work should assess the metabolic state and the viability of biofilm cyanobacterial
cells [74,75]. Omics approaches such as transcriptomic analysis to consider the expres-
sion of virulence factors and adhesion genes related to biofilm development [30], and
proteomic analysis to elucidate cyanobacterial defense mechanisms to graphene toxicity,
should also be considered [52,54,56]. Moreover, computational simulation approaches
have been widely used for the characterization of novel materials [76]. Strong coupling
between experimental data and numerical simulation is required for predicting macro-
scopic behavior with a fine description of local fields. By combining modeling approaches
and corresponding experiments, the studies take advantage of the simplicity, efficiency,
and mechanistic insight gained from the models, and the physicality, meaningful repro-
ducibility, and reality check provided by the experiments [77]. Thus, future studies should
include computational simulations to evaluate the potential use of GNP composites as a
marine coatings.

4. Conclusions

Biofilms developed on the GNP composite had reduced wet weight, thickness, biovol-
ume, and surface coverage in the maturation stage when compared to the control surfaces
(glass and epoxy resin). Moreover, the GNP composite delayed cyanobacterial biofilm
development and promoted the development of a less porous biofilm. As the graphene
coating should serve as a long-term antifouling material for marine applications, the anal-
ysis of cyanobacterial biofilm behavior over time performed in this study is particularly
relevant. The analysis of these GNP-based surfaces in vitro to assess their performance
against mixed-species biofilms, and in situ to assess their effect on biofilm formation by
additional microfoulers or to evaluate the potentially damaging effect of harsh marine
environments on these nanostructured surfaces, will be performed in future studies. There-
fore, upcoming tests should focus on tribological parameters such as the friction coefficient,
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wear, temperature, and durability related to the application, and surface characterization
for long-term assays.
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OCT images obtained for Lusitaniella coriacea LEGE 07157 biofilms on glass (a), epoxy resin (b), and
GNP composite (c) after 28 days. The empty spaces on the biofilm structure are indicated in blue
(scale bar = 100 μm).; Figure S2: Roughness coefficient1 values of Lusitaniella coriacea LEGE 07157
biofilms on different surfaces: glass (black), epoxy resin (grey), and GNP composite (white). Mean
values and SD from two biological assays with two technical replicates each are represented. For each
surface, different lowercase letters indicate significant differences between the sampling day (day 28
vs. day 49; p < 0.05; unpaired t-test). The p value obtained for glass and epoxy resin was < 0.0001, and
for GNP composite was 0.0104.
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Received: 26 August 2023

Revised: 19 September 2023

Accepted: 29 September 2023

Published: 4 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

coatings

Article

Thickness, Adhesion and Microscopic Analysis of the Surface
Structure of Single-Layer and Multi-Layer Metakaolin-Based
Geopolymer Coatings

Martin Jaskevic 1,*, Jan Novotny 1, Filip Mamon 1, Jakub Mares 1 and Angelos Markopoulos 2

1 Faculty of Mechanical Engineering, J. E. Purkyne University in Usti nad Labem, Pasteurova 3334/7,
40001 Usti nad Labem, Czech Republic; jan.novotny@ujep.cz (J.N.); mamon@iic.cas.cz (F.M.);
mares@iic.cas.cz (J.M.)

2 School of Mechanical Engineering, National Technical University of Athens, Heroon Polytechniou 9,
15780 Athens, Greece; amark@mail.ntua.gr

* Correspondence: martin.jaskevic@ujep.cz

Abstract: This work is focused on creating coating layers made of a metakaolin-based geopolymer
suspensions (GP)-formed Al matrix modified using H3PO4 acid with Al(OH)3 in isopropyl alcohol,
named GP suspension I, and H3PO4 acid with nano Al2O3 in isopropyl alcohol, named GP suspension
J. The selected GP suspensions were applied on aluminum and steel underlying substrates as single-
layer coatings and multi-layer coatings, where multi-layer coatings included three and five layers
that were polymerized by a curing process. Curing was divided into two types with every layer
curing process and final layer curing process. For both GP suspensions I and J, the effect of the
number of layers and the type of substrate on adhesion was investigated. The prepared samples
on underlying substrates were characterized on the microscopy analysis including SEM for high-
resolution images and 3D laser confocal microscopy (CLSM) for the 3D visualization of the coatings
structure. Microscopy analysis showed structural defects such as porosity, cracks and peeling, which
increase with a greater number of applied layers. However, these defects were only evident on a
micro scale and did not seem to be fatal for the performance of the surface stability. The EDS mapping
of the prepared layer showed inhomogeneity in the distribution of elements caused by the brush
application. A grid test and thickness measurement were performed to complete the microscopy
analysis. The grid test confirmed a very high adhesion of GP coatings on the aluminum substrate
with a rating of one (only in one case was there a rating of two) and a lower adhesion on the steel
substrate with the most frequent rating of three (in one case, there were ratings of two and one). The
thickness measurement proved a noticeably thicker thickness of the prepared layer on the Fe substrate
compared to the Al substrate by 20%–30% in the case of suspension I and by 70%–10% in the case of
suspension J. The thickness of the layer also showed a dependence on the method of application and
curing, as a thicker layer was always achieved when curing after the final layer of the GP suspension,
compared to curing after each applied layer. The resulting single-layer and multi-layer thicknesses
ranged from approx. 7 to 30 μm for suspension I and from approx. 3 to 11 μm for suspension J. A
non-linear increase in thickness was also evident from the thickness measurement data.

Keywords: geopolymers; single-layer coating; multi-layer coatings; aluminum; construction steel;
microstructure characterization; layers thickness; grid test

1. Introduction

Synthetic inorganic polymers, also known as geopolymers (GP), consist of chains or
networks of mineral molecules linked by covalent bonds [1].

GP are considered to be environmentally friendly materials that have the potential to
be used as substitutes for ordinary Portland cement [2,3]. Geopolymers are produced from
natural sources such as kaolinite or clays. Modern approaches also try to use industrial
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sources including fly ash, waste paper sludge or granulated blast furnace slag. Recycling
these resources can have positive environmental impacts and reduce CO2 production
compared to Portland cement production [4].

GP, as a group of alkaline-activated materials, have a number of exceptional properties
such as strength, resistance to acids and bases, fire resistance, good thermal stability and
good adhesion to the underlying substrate [5].

Also, there are some possibilities to use GP as a coating material for metal and non-
metal substrates. GP coating properties rely on the chemical composition of raw materials,
followed by the roughness of the substrate or the Si/Al ratio [6,7]. Different types and
concentrations of the acid could change the behavior and properties of the final GP coatings.
For example, Shamala et. al. prepared GP coatings on wood substrates with various
NaOH concentrations to find the best concentration for GP coatings [8]. The next factor
for GP coatings depends on the water content, which affects the results of the GP coating
thickness [9].

The preparation of geopolymers includes three basic phases. Dissolution is the first
phase, in which Si and Al atoms transition from the basic raw material to the solution
and complexes with hydroxide ions are formed. In the second phase, the condensation
of monomers with mobile precursors follows, with a partial internal restructuring of the
alkaline polysilicates. The third stage of the geopolymer formation process is the poly-
condensation or the polymerization of monomers. Here, the polymer structure is formed,
and the whole system solidifies. The product is an inorganic polymer structure. It is very
complicated to analyze ongoing processes because they occur almost simultaneously [10].

The geopolymerization process is based on the reaction of reactive aluminosilicates
supplemented with metakaolin or fly ash, which quickly dissolve in alkaline solutions in
the presence of alkali hydroxides (NaOH/KOH). This creates tetrahedral units-connected
polymeric precursors (–SiO4–AlO4– or –SiO4–AlO4–SiO4– or –SiO4–AlO4–SiO4–SiO4–)
forming amorphous geopolymer products with a 3D network structure [11,12]. Nergis
reported that geopolymers also contain three types of pores formed by the arrangement of
the OH– and Si groups (Si–OH), Si–O–Si groups, Si–O–Al groups and Si–O rings [13].

Some geopolymers are activated by acidic activators. The metakaolin-based geopoly-
mer produced by using a phosphoric acid solution as an activator has a high compressive
strength up to 93.8 MPa [14,15]. Another study also showed that acid-based geopolymers
have a higher temperature resistance (up to 1450 ◦C) and better mechanical properties
than alkali-based geopolymers [16]. However, GP have extremely good thermal stability
and adhesion to the surfaces thought to be a kind of all-purpose material and potential
tribological material [17].

Fire resistance is an interesting property of GP if the suspension contains a flame
retardant. In our study, the stability of coatings with Al(OH)3 is monitored for possible
future fire protection applications on Fe and Al substrates. Al(OH)3 as a flame retardant in
a GP suspension was described on polystyrene and chipboard underlying substrates, and
its positive influence has been proven [18].

The adhesion of the coating to the underlying substrate is an essential factor which
is controlled by the surface treatments of the base metal as an underlying substrate [18].
Metal with a high surface roughness will have a higher adhesion strength with GP coating
material compared to the polished metal substrate [9].

A general theory covering all relevant properties and parameters involved in the
design and application of tribological coating composites is very far from being realized.
Such a theory would have to treat the long chain of relations ranging from the coating
deposition parameters to the tribological response of the coated component [19,20].

Obviously, a good adhesion to the substrate is a crucial property of most applications
of coated components. Any adhesion test must superimpose an external stress field over
the coating/substrate interface to cause a measurable adhesive failure. Since this stress
field will depend on the geometry and type of loading (indentation, scratching, sliding,
abrasion, impact, etc.) as well as on the elastic and plastic parameters of the coating and
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substrate, the resulting adhesion value will only be representative of the particular test
from which it has been obtained [21].

There are many ways in which suspensions can be applied to a substrate surface.
One of the simple methods of application, together with the satisfactory results of the
final layer, is the application of the suspension with a brush. This method is very cheap,
with minimal economic costs in creating a coating, and does not require deep knowledge
and know-how in applying and creating a coating. The disadvantage is that it is not
possible to accurately correct the achieved layer thickness, and also, the homogeneity of
the resulting layer thickness fluctuates within a certain range. An airbrush appears to be
another suitable method for applying the suspension. This method is also widely used,
but its use is already economically and technologically more demanding. However, it can
improve the homogeneity of the thickness of the resulting layer [22].

The aim of the work was to prepare and compare single- and multi-layer coatings on
metal underlying substrates, aluminum and construction steel. It was important to explain
what effect applying a thicker layer with a brush would have on the adhesion, overall
surface quality and change in thickness compared to single-layer systems and various
application/curing methods. The prepared GP coatings were characterized using confocal
microscopy and SEM (scanning electron microscopy) to capture the microstructure and the
visual quality of the coatings. These results were supplemented by a grid test and thickness
measurement.

This work follows our previous research [23,24] and expands our knowledge about
the selected single- and multi-layer GP coatings with different applications by brushes and
some types of curing processes. We observed changes in the visual quality of the prepared
GP coatings and changes in their mechanical properties.

2. Materials and Methods

The GP coating was selected based on our previous research [23,24]. The selected GP
had good properties, which was a good starting point for the following complex research
creating multi-layer GP coatings. In this work, we presented this advanced preparation of
GP coatings compared with a multi-layered GP coating.

The chosen substrates were aluminum alloy EN-AW 6060 (AlMgSi0.5) [25,26] and
construction steel 1.0038 (according to EN 10025-2). These underlying substrates have
been chosen as the most common alloys in all sectors of industry. The preparation of the
substrate before the application of the geopolymer suspension consists only in removing
gross impurities and degreasing the surface with an organic solvent (acetone). No other
pre-treatment of the surface was applied; therefore, their natural oxide layers are found on
the surface of the substrates.

2.1. Preparation of the Suspensions and Underlying Substrate

The preparation of the geopolymer suspension consists in mixing basic raw materials
that have different phases (liquid and solid). In this research, there is a liquid component,
phosphoric acid (H3PO4) and isopropylalkohol (iPrOH), for both GP suspensions and
a solid component, metakaolin with AlOH3 (for GP suspension I) and metakaolin with
powder Al2O3 (for GP suspension J). The good homogenization of the resulting mixture
after mixing the basic ingredients is very important. A laboratory homogenizer, AD300L-H,
10,000 RPM, was used for homogenization and mixing.

Geopolymer suspensions I and J were selected from previous research for their inter-
esting properties on the Al substrate [23], where geopolymer I reached an average coating
thickness of 2.7 μm and geopolymer J reached one of only 1.5 μm. Both suspensions had
excellent adhesion to the Al substrate. Even the microhardness values of HV 0.1 achieved
very good results (GP I 118.4 HV 0.1 and GP J 127.1 HV 0.1) compared to the underlying
substrate Al 93.6 HV 0.1.
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2.2. Roughness of Al Substrate EN AW-6060 and Fe Substrate 1.0038

For the application of conventional coatings with an organic or inorganic composition
(most often for the anti-corrosion protection of metals) on metal surfaces, the roughness
of the underlying substrate is very important [27,28]. For example, for aluminum al-
loys, the adhesion of such coatings is generally lower than that when applied to steel
surfaces [29–33].

The roughness of the used metal substrates EN-AW 6060 and 1.0038 was measured
using a Hommel Tester t1000 according to ISO 4287. The input values of the measurement
were as follows: probe type T1E 2 μm/90◦, compressive force 1.5 mN, traverse length
4.8 mm, traverse speed 0.5 mm/s and measurement range ±80 μm/0.01 μm. For the
underlying metal substrates, a sheet with a thickness of 3 mm was used for both types.
These sheets were processed by rolling and show a one-way orientation of the grooves
that were created during the rolling process, as shown in the detail of the surface in
Figure 1. This orientation is very well observed in the aluminum alloy. The roughness of
the substrates was measured along the rolling direction A and also perpendicular to the
rolling direction B, as shown in Figure 1. Table 1 shows the achieved surface roughness
values in individual directions [23].

 

Figure 1. Surface detail of the EN-AW 6060 (Al) [23] and 1.0038 (Fe) underlying substrate with visible
directional anisotropy and roughness measurement in the direction of rolling A and the perpendicular
direction of rolling B.

Table 1. Surface roughness of the underlying substrate EN-AW 6060 and 1.0038.

Substrate Al Fe

Measurement Direction Measurement Direction

A B A B

Ra [μm] 0.206 0.841 1.091 0.874

Rz [μm] 1.117 5.410 6.225 5.098

Rmax [μm] 1.488 6.710 6.850 6.613

Rt [μm] 1.603 6.958 8.448 7.538
Ra—arithmetic mean roughness; Rz—ten-point mean roughness; Rmax—maximum roughness depth;
Rt—maximum height of the profile.

2.3. Application of GP Suspensions

Application by brush was chosen, which is the simplest possible application of
geopolymers with a sufficient resulting coating quality [23].

The geopolymer suspension was applied to the substrate by a brush, which is designed
for water-based coatings. This method was chosen as in previous research [23], but with a
different approach regarding the thickness of the coatings. In this case, we tried to prepare
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thicker layers with a brush compared to the previous research [23]. In previous research, it
was found that by applying geopolymer suspensions with different compositions in one
layer using a brush, very thin coatings with a thickness of up to approx. 20 μm (depending
on the type of GP) with good adhesion can be achieved on the Al and Fe substrate. These
thickness sizes were conditioned by the application of a very thin layer of the suspension
with a brush; when applying the suspension, care must be taken to spread it very well over
the surface of the substrate. The result was coatings that have a very good surface quality
and very good adhesion [23,24]. Such application of GP in a thin layer is not complicated,
but it requires concentration, and when applying it to larger or more fragmented surfaces,
this procedure may no longer be followed exactly. A failure to follow the procedure can be
caused by, for example, the human factor or even the brush application method itself, when
this method is simple but not very accurate. The following research therefore simulates
a process where the application procedure of a very thin layer is not followed, but the
GP layer applied with a brush is thicker and a comparison is made of the effect on the
properties (adhesion) and the appearance of the surface that the application of a thicker
layer/layers will have.

Labeling explanations in Figure 2: GP—geopolymer suspension, X—type of geopoly-
mer suspension (I or J), -/S—application and curing method (—-curing after each applicated
layer; S—curing after three or five layers; see Figure 3), 1 L, 3 L, 5 L—number of layers
applied (1 L—one layer, 3 L—three layers, 5 L—five layers). Our geopolymers were divided
into four series, where two different GP coatings (I or J) were applied by brush on two
metal substrates (Al or Fe).

Figure 2. Scheme of the preparation of each GP coating.

In order for geopolymer suspensions to acquire their final properties after the applica-
tion to the underlying substrate (Figure 2), chemical reactions, so-called geopolymerization,
must occur in the mixture [24,34,35]. For the geopolymer mixture, geopolymerization
occurs at elevated temperatures, in contrast to mixtures with a different composition, where
geopolymerization can occur at lower temperatures [24,34,35]. For the selected geopolymer
mixture, it is necessary to reach a certain minimum temperature, which was experimen-
tally determined to be 170 ◦C, and to maintain the same conditions as in the previous
research [23]. This temperature is an important parameter influencing the resulting quality
of the coatings. This increase in the temperature is needed for the geopolymerization
process [24].

Every series of GP has a different curing for the geopolymerization of these coatings
shown in Figure 3. The geopolymers marked GP X 1L, GP X 3L and GP X 5L had a curing
process with every layer immediately after the application. The GP marked GP X S 3L and
GP X S 5L had a different approach to geopolymerization curing, with only single curing
after the third or fifth layer of GP coatings. Between every layer, there were 24 h of drying,
and after that, the next layer was applied. This approach changed the coatings’ properties
and their behavior (see the next chapters). This curing procedure was chosen in order to
simplify the application of the suspensions to the substrate and at the same time reduce
the resulting cost of creating multilayer coatings and analyze whether there is a difference
between the layers when applying and curing after each layer compared to curing after
applying the final layer.
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Figure 3. Curing for the geopolymerization of coatings.

2.4. Experimental Methods

All samples were prepared by manually painting the geopolymer suspensions onto
the underlying substrates using a brush. The microstructure of the coatings was observed
on an Olympus SZ61 optical microscope and then on a 3D laser confocal microscope LEXT
OLS5000 SAF (CLSM) and on a Vega 3 scanning electron microscope (SEM) from Tescan
company (Tescan, Vega 3, Brno, Czech Republic). The thickness of the geopolymer liners
was measured with a DeFelsko PosiTector 6000 portable coating thickness meter for metal
substrates with an FNS type probe, with a measurement range of 0–1500 μm accuracy
± (1 μm + 1%) for a coating thickness of 0–50 μm, according to ISO 2360. The adhesion of
the geopolymer to the chosen substrates was analyzed by the grid test method, according
to ISO 2409 [36]—specifically, with the Elcometer 1542 grid test set.

3. Results and Discussion

3.1. Microstructure Analysis of Geopolymer Coatings Using SEM and CLSM
3.1.1. Geopolymer I Al

Figure 4 shows:

• Sample I 1L Al: The surface was slightly rough and showed microporosity. A small
number of cracks are visible.

• Sample I 3L Al: The surface was also slightly rough. On this surface, there is also
visible microporosity, but in a smaller amount compared to the previous sample, and
cracks emerge from the porosity, which are larger than those in the sample I 1L Al.
However, there were visible cracks that were stable, and no flaking was present.

118



Coatings 2023, 13, 1731

• Sample I 5L Al: The surface was very rough and contained large porosity that looked
like bubbles.

• Sample I S 5L Al: The surface was slightly rough. It contained porosity that looked
like bubbles, like the previous sample, but in a small amount. The cracks were smaller
compared to those of sample I 3L Al and stable.

• Sample I S 5L Al: The surface was slightly rough, and it was different compared to
that of the other sample coatings of this series. The surface was granular, without
any porosity or cracks. We assume that this structure is not ideal, and from previous
research, we can predict weak adhesion behavior.

 

Figure 4. SEM and CLSM analysis of the surface of I geopolymer suspensions on the aluminum substrate.

Figure 4 shows the disparity in the surface structure between all of the analyzed
samples. Even if they are coatings created from the same type of geopolymer suspension,
which differ only in the number of created layers or in the curing method, the resulting
surfaces are completely different. All coatings except for I S 5L Al exhibit some form of
porosity. The I S 5L Al coating was granular and did not show any form of porosity. All
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coatings are stable, the surface shows no flaking and the cracks are minimal and distributed
homogeneously over the entire surface.

 

Figure 5. EDS mapping analysis of the surface of I geopolymer suspensions on the aluminum substrate.

The Figure 5 showed that except for the porosity positions, where, naturally, the
presence of the elements analyzed using the EDS method was lower, it is evident that the
elements Al, Si and P were distributed homogeneously, except for the sample I S 5L Al with
a granular structure. It was observed that Al is more represented in the structure compared
to Si, as the main elements of the geopolymer system.

3.1.2. Geopolymer I Fe

Figure 6 shows:

• Sample I 1L Fe: The coating surface of this sample is uniform, with a couple of small
cracks. There is no visible porosity.

• Sample I 3L Fe: This surface is similar to sample I 1L Fe. It is evident that there is not
much difference between a single-layer and multi-layer system, but we can observe
that the cracks tend to coalesce to form long cracks.

• Sample I 5L Fe: This coating surface is the same as previous coatings on a steel
substrate. However, it is completely without cracks.

• Sample I S 5L Fe: This sample is very different compared to the sample I 3L Fe. The
surface is granular, with fine cracks.

• Sample I S 5L Fe: Even with this sample, the surface is different compared to that of
the sample I 5L Fe, and a continuing trend can be seen with the layers applied in a
different way (Figure 3). The layer is very fragmented and completely granular.
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Figure 6. SEM and CLSM analysis of the surface of I geopolymer suspensions on the steel substrate.

In Figure 6, it was observed that no form of porosity occurs anymore in the coatings
on the steel substrate. For the I S 5L Fe sample, a granular surface structure was again
observed, just like the sample on the aluminum substrate in Figure 4. A lesser extent of the
granular structure of the coating was also observed in the I S 5L Fe sample.
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Figure 7. EDS mapping analysis of the surface of I geopolymer suspensions on the steel substrate.

Inhomogeneity was evident in all samples, even in samples without a granular struc-
ture. Figure 7 showed that the samples without a granular structure (I 1L Fe, I 3L Fe and
I 5L Fe) have visible lumps on the surface, with an absence of P and a higher concentration
of Al. The reason for this inhomogeneity was not studied, but it is probably a behavior of
the geopolymerization and a property of the geopolymer. Application suspension by brush
can also have an effect, since this phenomenon is also observed in the same suspension on
the Al substrate, as described above. Si is distributed homogeneously.

3.1.3. Geopolymer J Al

Figure 8 shows the following:

• Sample J 1L Al: The surface had a very fine and smooth surface structure. It was stable,
without visible cracks or flaking. There were visible lines after painting with a brush.

• Sample J 3L Al: There were also visible lines after painting with a brush; however,
there were cracks on places with the thickest coating, which represents brighter places
on the SEM picture.

• Sample J 5L Al: This surface was not as smooth as previous surfaces. There were
visibly larger cracks than in the previous sample, which were visible mainly in places
with a thicker layer of coating, but no flaking.

• Sample J S 3L Al: This surface was also not smooth. Cracks were visible.
• Sample J S 5L Al: The surface was slightly rough. On this surface, there were visible,

large cracks. Here, there was also visible flaking for the first time.
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Figure 8. SEM and CLSM analysis of the surface of J geopolymer suspensions on the aluminum substrate.

The GP J coatings on the aluminum substrate show different surface structures com-
pared to the GP I coatings in Figure 4. In the GP J coatings, there were not any signs of
porosity or granular structures. The J S 5L Al sample showed a considerable number of
cracks. The same J 5L Al multi-layer sample, where the layers were cured sequentially,
showed fewer cracks, and spalling was present only in the sample J S 5L Al.
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Figure 9. EDS mapping analysis of the surface of J geopolymer suspensions on the aluminum substrate.

The inhomogeneity of the distribution of Al and P elements which could be seen on
Figure 9 was clearly visible on the J 1L Al and J 3L Al samples in the lines, which were
created after the application of the geopolymer by brush. These lines were characteristic of
a thinner layer of the geopolymer coating. The lines were enriched more with phosphorous,
and a smaller presence of aluminum was evident.

3.1.4. Geopolymer J Fe

Figure 10 shows:

• Sample J 1L Fe: The surface had a very fine and smooth surface structure. Cracks were
regular and visible only in the detail.

• Sample J 3L Fe: The surface was also very fine, with a smooth structure. Cracks were
larger but without flaking.

• Sample J 5L Fe: The cracks of this multi-layer system were larger, without flaking.
• Sample J S 3L Fe: The cracks were extensive. No flaking was observed, but the space

of the cracks was large and seemed unstable. More cracks were situated in the places
with a thicker coating (after the brush application).

• Sample J S 5L Fe: The surface was rough. The cracks were extensive and homoge-
neously distributed over the surface, not only in places with a thicker coating.
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Figure 10. SEM and CLSM analysis of the surface of J geopolymer suspensions on the steel substrate.

Here, in Figure 10, cracks were observed in all of the measured samples. Their intensity
increased gradually with the increasing number of layers. No porosity or granular structure
of the coating was visible. The surfaces for all samples are very similar to the surfaces on
the aluminum substrate.
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Figure 11. EDS mapping analysis of the surface of J geopolymer suspensions on the steel substrate.

EDS analysis seen on Figure 11 showed a homogeneous distribution of all elements.
Homogeneity was the most pronounced of all the samples examined. No representation of
elements was visible in the area of the cracks. The sample J S 3L Fe showed that, through
the cracks, the steel substrate was visible and was in contact with atmospheric conditions.
These coatings cannot provide full chemical protection of the substrate. This sample was
chosen to present this phenomenon. The beam intensity of the SEM microscope could not
penetrate the entire coating [37].

3.2. Analysis of the Adhesion of the Geopolymer Layer by the Grid Test

The achieved results of the grid test are shown in Figure 12, and the evaluation of the
results is shown in Table 2. Table 2 shows the evaluated results of the grid test of various
GP on Al and Fe substrates. GP I and J on the Al substrate achieved a rating of one, but only
GP I S 5L had a rating of two, most likely due to too large of a layer of the GP suspension in
combination with the method of application and curing. GP I on the Fe substrate achieved
a worse rating of three, due to the presence of a natural oxide layer on the surface of the
substrate and its peeling, together with the coating. GP J on the Al substrate achieved a
rating of one for all samples and layers. GP J on the Fe substrate showed a better value of
the grid test, with a rating of one for J 5L and a rating of two for J S 3L. The other GP J had
a rating of three.
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Figure 12. Grid test of GP coatings on the Al and Fe substrates.

Table 2. Grid test rates of GP coatings on the Al and Fe substrates.

Substrate I 1L I 3L I 5L I S 5L I S 5L J 1L J 3L J 5L J S 3L J S 5L

Al 1 1 1 1 2 1 1 1 1 1
Fe 3 3 3 3 3 3 3 1 2 3

The results of the GP I 1L Al and GP J 1L Al + Fe coatings corresponded with our
previous research [23,24], but GP I 1L Fe had worse ratings than those in previous research.
Due to the fact that no pre-treatment of the surface before the application of GP suspensions
took place on the substrates (except for surface degreasing), there are natural oxides on
both types of substrates. As can be seen from the grid test, the natural Al2O3 oxide layer on
the Al substrate does not have a negative effect on the adhesion of the GP coatings to the
surface. The Fe substrate is also covered with a natural oxide layer that is thicker than that
on the Al substrate. According to the XRD analysis, it was found that Fe3O4, Fe2O3 and
FeO oxides are found on the surface of the Fe substrate. The lower adhesion of GP coatings
on the steel substrate is apparently caused by this oxide layer, which does not have high
adhesion to the substrate itself (the steel layer located below this layer) and thus peels off
from the surface together with the GP coating.

3.3. Analysis of the Thickness of the Geopolymer Layer

A comparison of the measured values of the thicknesses of all layers for GP I on
the aluminum and steel substrates can be seen in Figure 13. Single-layer coatings reach

127



Coatings 2023, 13, 1731

almost the same thickness for both types of substrates (11% difference). The resulting
thickness of I 1L Al is approximately 2.7 times higher than the thickness achieved in
previous research [23]. All samples on both types of substrates show an almost linear
increase in the layer thickness with an increasing number of layers. It can be seen from
the graph that overall thicker layers were achieved on the aluminum substrate than on the
steel substrate (about 20%–30%). What is interesting is the comparison of the multi-layer
sample I 3L with I S 5L and that of I 5L with I S 5L, where a clear trend can be observed,
where the samples cured after each layer reach an overall lower thickness than the samples
cured after the last-applied layer.

 

Figure 13. Comparison of the increase in the thickness of the resulting layer depending on the number
of layers for suspension I.

The thicknesses of the GP J layers on both types of substrates are shown in Figure 14.
As we can see, the J 1L Al single-layer sample reaches a thickness of 3.4 μm, which, as
in the rare case of GP I, is an increase in thickness compared to previous research [23] by
2.3 times. Sample J 1L Fe has a greater thickness for this geopolymer, almost twice that
of the aluminum substrate. All the layers on the Fe substrate reach greater thicknesses by
about 70%–110% compared to the Al substrate, which is the opposite trend to that of GP
I. The comparison of the multi-layer sample J 3L with J S 3L and that of J 5L with J S 5L
again confirm the previous trend, where the samples cured after each layer reach a lower
thickness than the samples cured after the last layer (except for J 3L and J S 3L on the Al
substrate, where the thickness is almost identical).

 

Figure 14. Comparison of the increase in the thickness of the resulting layer depending on the number
of layers for suspension J.
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4. Conclusions

The basis of this research was the creation of geopolymer coatings on aluminum and
construction steel substrates, which were applied to the surface using a brush. A thicker
layer of the suspension was already created on the substrates during the application itself,
which was supposed to verify the properties and surface of the thicker layers created in
this way, which follows previous research that, on the contrary, was focused on creating
very thin layers [23,24]. Two types of geopolymer suspensions, I and J, were selected from
the previous research. Furthermore, GP suspensions were applied in multiple layers, three
and five, and two different methods of curing were used (see Section 2.2).

The formed coatings showed a certain porosity, and, above all, they are prone to the
formation of cracks. These cracks are created naturally during curing by the emission of
water from the volume and the different thermal expansion of the geopolymeric suspension
and the underlying substrate. Cracks generally increased with the increasing number of
layers. However, in most cases, the cracks did not appear to affect the cohesion of the
coating or the adhesion of the coatings to the substrate surface. Thus, the porosity, rough
surface and cracks do not have to reduce the resulting properties or the use of the coating,
and in some cases, they can be beneficial. A rough or cracked surface can show better
adhesion, e.g., when using glue in glued joints, when a larger surface is needed for the good
adhesion of the joint [37]. A rough surface can help improve part handling and increase
safety [38]. A jagged, rough or cracked surface change the optical properties of the surface
so that, for example, there are no reflections of light from the surface [39]. Self-lubricating
systems appear to be a very suitable application for this type of surface, where the surface
of the part is provided with this coating, which contains many cracks and capillaries into
which the lubricant is applied, and then gets between the functional surfaces and thus
affects the tribological properties, e.g., by reducing friction, which leads to an increase in
the life of the component and a reduction in the need for maintenance [40–42].

The application of suspensions with a brush is economical, but according to micro-
scopic analysis, it is evident that it introduces a certain inhomogeneity into the coating,
whether it is the fluctuating thickness of the layer, which then causes cracking, or the
inhomogeneity in the distribution of Al, Si and P elements in the coating.

The grid test confirmed the very high adhesion of GP coatings on the aluminum
substrate, independent of the thickness, the number of layers and the method of curing.
On the steel substrate, the adhesion of the coatings was lower and partly dependent on the
above-mentioned variables.

Observing the thickness of the layer on the underlying substrate is an important aspect.
Thicker layers protect the underlying substrate better against corrosion and mechanical
wear. As can be seen from the electron microscopy images, cracks on the surface increased
in size with the increasing number of layers. Cracks of the underlying substrate are
undesirable in the case of the application of GP anti-corrosion suspensions, as they reduce
corrosion resistance (the corrosive environment with cracks can reach the underlying
substrate). Large cracks are undesirable because they lead to the peeling of the GP layer
from the underlying substrate, which was observed in some cases.

Finding a balance between the layer thickness and cracks is essential for future applications.
By applying a thicker layer of the GP suspension when applied with a brush, a final,

thicker layer could be created, which, according to analyses, had no negative effect on
the quality of the resulting surface. By applying additional layers, thicker layers could be
created, which could affect other properties (mechanical, chemical) of the resulting surface.
The joint thickness is further influenced by both the composition of the geopolymer suspen-
sion and the method of the application and curing of single layers in multi-layer samples.

To increase the homogeneity of the distribution of individual elements in the result-
ing layers and further improve the quality of the surface, in terms of, e.g., reducing the
roughness or reducing the heterogeneity of the layer thickness in different places of the
surface, which is caused by an application with a brush, and, thus, to reduce the formation,
number and size of cracks and fissures, which are apparently caused by too thick of an
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applied suspension (again, in certain places), it would be necessary to change the method
of application of the suspension. As a suitable solution to these inhomogeneities during the
application, the suspension could be applied by spraying (air brush) or possibly even by
means of a roller. These application methods (mainly the air brush) are more complicated
and complex. Other forms of applications, e.g., dipping, are not suitable due to the need
to maintain a very small thickness of the applied suspension. Moreover, the search for
another application method contradicts the basic assumption of cheap and simple painting.

This research shows that it is possible to create multi-layer geopolymer coatings
that achieve a good surface quality and adhesion on various underlying substrates while
maintaining a relatively small thickness. This can be advantageous, for example, for
functional components, where after the application of several layers of GP suspensions,
there will be no large dimensional change, and the possible functionality is thus not affected.
To further increase the quality of the surface, it would be advisable, for example, to change
the method of application of the suspension in order to achieve a more even coverage of
the surface of the substrate, which will ultimately affect the homogeneity of the resulting
layers. The lower adhesion of the layers on the steel substrate could probably be solved
by a suitable mechanical (or even chemical) pre-treatment of the surface, when the surface
oxide layer is removed. Adhesion is excellent with the aluminum substrate, and the oxide
layer does not seem to negatively affect adhesion. Furthermore, it is possible to focus on
the final temperature when curing the layers. In this research, it was applied at a curing
temperature of 170 ◦C, but it is possible to change this temperature further, which can
affect the resulting mechanical properties of the applied layers. Lowering the resulting
temperature and shortening the holding time will have a positive effect on production costs,
but at the same time, the temperature must not be too low in order for the applied layers to
properly geopolymerize. On the contrary, a higher temperature can further positively affect
the mechanical properties of the layers, e.g., by increasing the surface hardness (mainly
in the case of GP suspensions with Al2O3 content). Continuing that research and the
previous research [23,24], the focus may be on the analysis of the mechanical properties of
multilayer coatings, such as the microhardness of the surface of the layers or the tribological
properties [40,42] (possibly the corrosion resistance of the coatings [43]).
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Abstract: We studied the nanostructures and ultrathin films resulting from the deposition and
adsorption of polystyrene nanocolloidal particles and methoxy poly(ethylene glycol) methacrylate
surfactants on mica surfaces from mixed suspensions in water. The samples were prepared by droplet
evaporation and dip coating and imaged with atomic force microscopy. Topography and phase
imaging revealed a significant richness in morphological features of the deposited/adsorbed films.
We observed uniform ultrathin films and extended islands of the surfactant oligomers indicating their
self-assembly in monolayers and multilayers, while the polystyrene nanocolloids were embedded
within the surfactant structures. Droplet evaporation resulted in the migration of particles towards
the edges of the droplet leaving an intricate network of imprints within the surfactant film. Dip
coating induced the formation of extended nanocolloid clusters with colloidal crystalline structuring.

Keywords: nanocolloids; nanoparticles; nanostructures; monolayers; polymers; surfaces; thin films;
mica; poly(ethylene-glycol); atomic force microscopy

1. Introduction

The self-assembly of polymers on surfaces has emerged as an elegant and inexpensive
method to form nanostructures and thin films on surfaces for various applications, from
functional devices [1] and nanophotonics [2] to smart nanostructured materials [3] and
biomedicine [4]. Various polymer architectures have been employed including homopoly-
mers [5], block-copolymers [6–8], random copolymers [9,10], hyperbranched polymers [11],
and star polymers [12,13]. One area that is still relatively unexplored is the self-assembly of
polymeric colloidal [14,15] and in particular nanocolloidal particles [16] on surfaces and
the formation of associated nanostructures and thin films. This has the potential to achieve
nanostructures and nanopatterns for advanced products such as high-density, defect-free
data storage devices, sensors, and biochips made for a substantially lower cost than at the
present and using more environmentally friendly materials and processes (suspensions of
particles in water) [17–20]. In order for these colloidal particles to maintain their dispersion
in a liquid suspension and not sediment out by flocculation, they must have repulsive inter-
actions to counteract the ubiquitous attractive van der Waals forces. Colloidal particles are
stabilized against this attraction either by electrostatic repulsion from surface charges [21]
or with steric repulsions originating from anchored polymers or surfactants [22]. While
an electrostatic interaction provides the basis of colloidal stability [23,24] by repulsion
between like surface charges, it is limited because it can be used only with polar liquid
mediums and it is susceptible to flocculations with extremes in pH, salt concentration, and
temperature. Surfactant-based colloidal particles can be produced to provide the necessary
interparticle repulsive forces in either polar or apolar mediums depending on the particular
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application such as targeted drug delivery [25,26] and smart biosensors based on selective
surfactant films [27]. One such surfactant is methoxy poly(ethylene glycol) methacrylate
(MeOPEGMA). It consists mainly of poly(ethylene glycol) (PEG) or poly(ethylene oxide)
(PEO); both terms signify the same chemical, but historically PEG has tended to refer to
oligomers and polymers with a molecular mass below 20,000 g/mol and PEO to polymers
with a molecular mass above 20,000 g/mol. PEG is widely used as a stabilizing agent in
colloid water suspensions due to its water-solubility and its low toxicity, which make it an
ideal candidate for biomedical applications [28]. Functionalisation of a colloidal surface by
PEG can be achieved by combining the PEG with a suitable co-monomer which attaches
to the colloidal surface, anchoring the PEG chain and thus creating a polymeric layer of
steric repulsion.

The advent of scanning probe microscopy (SPM) techniques such as atomic force
microscopy (AFM) has given us the ability to image and manipulate nanometre-sized
particles. Apart from the high-resolution topographical imaging of a material surface,
AFM [29] can also provide information on the physical properties of the material under
investigation in the form of phase information [30,31] due to its direct interaction with
the surface at the atomic level. The phase image contrast originates from the material’s
mechanical and adhesive properties, facilitating an indirect distinction between different
materials/chemical species on the surface of a sample that would otherwise be undetected
using topography imaging alone.

In this work, suspensions of polystyrene nanocolloidal particles copolymerised with
methoxy poly(ethylene glycol) methacrylate (MeOPEGMA) surfactants were used. We
deposited/adsorbed the suspension material onto mica by droplet evaporation and dip
coating. In both cases, nanostructures, (sub-)monolayers, and ultrathin films were formed
and studied with AFM topography and phase imaging in air. We observed the formation
of highly ordered crystalline structuring of the polystyrene nanocolloids and evidence of
self-assembled ultrathin films of the surfactant which originated from the nanocolloidal sus-
pension as suspended excess material. To the best of our knowledge this is the first time that
such a system has been investigated and the results we present are of an exploratory nature.

2. Experimental

The colloidal particles are made from the polymerisation of styrene molecules with a non-
ionic co-monomer/stabilizer, methoxy poly(ethylene glycol) methacrylate (MeOPEGMA), in
a process outlined by Ottewill et al. [32]. The MeOPEGMA polymer consists of a 2000 g/mol
molecular weight PEG terminated on one end with a methoxy group. On the other end is
a methyl methacrylate group which co-polymerises with the styrene and chemically links
the PEG stabilizer to the particles. This results in the formation of a colloid particle with a
polystyrene core and PEG polymer on its surface, which provides steric repulsion against
aggregation/flocculation (PS-PEG). A 1 litre, 3-necked round-bottom flask was taken and into
the 3 inlets were placed a water-cooled condenser, a nitrogen gas source, and a stirrer with a
PTFE blade which was rotated at 350 rpm. The flask was placed in an oil bath which was kept
at 60 ◦C to maintain temperature equilibrium. Into the flask were poured 475 mL of distilled
water, 40.04 g (0.77 mol/dm3) of distilled styrene, and 6.82 g of a 60% MeOPEGMA solution
in water (4.1 × 10−3 mol/dm3), which had been obtained from the Ottewill laboratory.
This mixture was stirred for 20 min to allow it to come to temperature equilibrium with
the oil bath. Whilst this was happening, in a separate vial the initiator solution of 0.098 g
(1.12 × 10−3 mol/dm3) of ascorbic acid, 0.22 g (3.56 × 10−3 mol/dm3) of a 27.5% solution of
hydrogen peroxide, and 22.1 g of distilled water was mixed. Once the 20 min equilibrium time
had elapsed the initiator solution was added to the flask and the chemical reaction started
and it was allowed to run for 6 h. The final latex particles were cleaned by centrifugation and
resuspension in clean, distilled water. This process was repeated several times. The average
particle diameter was measured to be 41± 10 nm by dynamic light scattering (DLS).

The samples for imaging were prepared in two different manners: droplet evaporation
and dip coating. Mica sheets (Fisher), pre-cut to 11 mm squares, were freshly cleaved using
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a scalpel along the lateral plane of the sheet inside a fume cupboard to minimise airborne
pollutants from contaminating the surface. The colloidal suspensions were agitated for
30 s to ensure the minimisation of any sedimentation that may have occurred. Droplet
samples were created by applying 0.16 mL of the suspension using a pipette onto the
freshly cleaved mica surface. The liquid droplet completely covered the mica surface and
its contact line was ‘pinned’ onto the mica edge. Subsequently, the sample was placed
into a drying box at room temperature and pressure, in an effort to avoid heterogeneous
particles from contaminating the sample. These were left until the droplet had visibly
evaporated, after which the sample was placed in a glass covered Petri dish and moved
into an oven at 60 ◦C for 1 h to ensure that any residual suspension liquid had evaporated.
The dip-coated samples were prepared by submersion of the freshly-cleaved mica into a
vial of the colloidal suspension in the upright position and leaving it for a predetermined
incubation time. The sample was then removed and rinsed gently with deionised water
followed by drying from a nitrogen jet. The sample was then placed in a glass covered Petri
dish and moved into an oven at 60 ◦C for 1 h to ensure complete drying. If the samples were
not imaged immediately after preparation, they were sealed with parafilm until imaging.

Imaging was performed using a molecular imaging PicoSPM AFM (Agilent Technolo-
gies, Santa Clara, CA, USA) operating in tapping mode (intermediate contact with the
sample) using MikroMasch tips with a nominal spring constant and resonant frequency of
40 N/m and 170 kHz, respectively. The nominal tip radius was quoted as 10 nm. We oper-
ated in a light-tapping mode, where the contact amplitude approached the free oscillation
amplitude of the cantilever, to minimise tip–sample interaction forces. The cantilevers were
oscillated at 5% below their natural resonance frequency. For post-processing of the AFM
images, the scanning probe image processor (SPIP, version 5.1.0, Image Metrology) was
used. All images presented are representative of the corresponding preparation protocol
and were post-processed by simple flattening alone, unless otherwise stated.

3. Results

Droplet evaporation: On imaging a droplet-prepared sample near its centre, we
were presented with a topography of islands of various sizes with fractal-like edges,
surrounded by an interconnected series of channels (Figure 1). The phase image shows
a very high contrast between the islands and the surrounding network, indicating that
there is a difference in the mechanical/adhesive properties between the two, i.e., indicating
a different material. A height profile of the surface (Figure 1d) reveals a uniform island
thickness of approximately 13 nm. Figure 1 shows typical AFM data from a scan area
towards the centre of the sample. Moving towards the periphery of the sample, we start to
observe topographical changes.

In Figure 2, we can see that the topography shows the existence of particles towards
the top of the scan image. We also observe the same network of interconnected channels
previously observed in Figure 1. The middle of the sample exhibits some unusual trail lines,
which are clearly present on the phase image. The depth of these lines is approximately
13 nm. Towards the bottom of the topography image we see some isolated holes. The width
of the isolated holes and trail lines are in the range of 40 nm.

Dip coating—incubation time 1 h: Figure 3 shows a typical example of an AFM
image for a dip-coated sample for an incubation time of 1 h. We observe the presence of
numerous clusters of the particles, with varying heights across the surface. We also present
a selection of profiles taken across the topography image giving an indication that their
heights have some preferred values: the taller clusters are approximately twice the height
of the lower clusters. This is clearly demonstrated by frequency histograms of the z-heights
(Figure 4) obtained by grain analysis of the cluster formations. It shows that the maximal
z-height ranges have peaks at 30 nm and 60–80 nm. The area coverage has a peak value of
approximately 105 nm2.
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Figure 1. (a) 6.6 × 6.6 μm2 AFM topography scan of the droplet-prepared sample (z-height
scale ≈ 50 nm) with (b) associated phase image (voltage range 4.87 V), and (c) magnified section with
(d) height profile.

 

Figure 2. 6.6 × 6.6 μm2 AFM topography scan of the droplet-prepared sample (left) with its corre-
sponding phase image (right) (z-height scale ≈ 70 nm and phase voltage scale ≈ 5.2 V).

Dip coating—incubation time 72 h: Increasing the submersion time to 72 h resulted
in clearly visible regular nanocolloid arrangements on the mica substrate of various lateral
sizes (Figure 5). We can also observe that the surrounding areas of the particle clusters have
an extended border of uniform height. This layer has been measured to be approximately
12 nm thick (Figure 6) and can be found surrounding all particle adsorption sites. The
phase image suggests that there is a distinct difference between the physical properties
of this plateau layer and the underlying substrate. The structuring of the particles has
been observed to be highly crystalline (Figure 6c). The particles are in a close-packed
hexagonal arrangement leading to very well ordered structure, as indicated by fast Fourier
transform (FFT). A characteristic length of 57 nm between the particles was evaluated from
the FFT graph.
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Figure 3. 6.6 × 6.6 μm2 AFM topography scan of the 1 h dip-coated sample (top) (z-height
scale ≈ 80 nm) with representative height profiles of several colloidal clusters showing their relative
height to the surrounding surface (bottom).

 

Figure 4. (a) Grain analysis of the 6.6 × 6.6 μm2 topography scan of the sample submerged for 1 h
in PS–PEG. (b) Maximal z-height distribution relative to the surrounding surface. (c) Cluster area
coverage distribution.
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Figure 5. (a) 6.6 × 6.6 μm2 AFM topography scan; (b) 3 × 3 μm2 zoom scan and (c) its corresponding
phase image showing high contrast for a sample submerged for 72 h in the suspension (z-height
scale ≈ 100 nm for both topography scans, phase voltage scale ≈ 4.7 V).

 
Figure 6. (a) 3 × 3 μm2 AFM topography scan (z-height scale ≈ 100 nm); (b) height profile (indicated
by white line on image) showing a relative height of approx. 70 nm for the large structure, approx.
40 nm for a small isolated cluster, and a surrounding plateau layer of approx. 12 nm. (c) Zoom of
larger structure (image sharpened) showing hexagonal crystalline structuring of the particles along
with (insert) its 2D FFT.

Dip coating—incubation time 240 h: After a submersion time of 10 days, scattered
protrusions across the topography image were observed (Figure 7). Height profiles of the
protrusions relative to the surrounding surface give a range of elevations. Grain analysis
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(Figure 8) of the topography images shows that there are well-defined peaks in the relative
z-heights of the protrusions at approximately 15, 25, 40, and 70 nm.

 

Figure 7. (a) 6.6 × 6.6 μm2 AFM topography scan of the sample submerged for 240 h in the suspension
(z-height scale ≈ 80 nm). (b) Zoom section and (c) corresponding height profile (indicated by white
line on image).

Figure 8. (a) Grain analysis of the 6.6 × 6.6 μm2 AFM topography scan of the sample submerged for
240 h in the suspension; (b) z-height frequency histogram relative to the surrounding surface and
(c) area coverage frequency histogram of protrusions.

The area coverage of the protrusions shows peaks at 5 × 103, 19 × 103, and 29 × 103 nm2.
As we would have expected, increased submersion times create higher coverage of material
on this sample than seen in the 72 h dip-coating experiments. We surmise that some sort of
film layer has formed on the surface of the substrate of the 240 h samples. To investigate
further, the tip was raised and the AFM reconfigured for contact mode. The set-point voltage
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to determine the tip contact force was raised to provide a sufficiently high enough cantilever
tip-point force on the surface of the sample that would start to penetrate the film layer. The
tip then scanned a square raster of approx. 1 × 1 μm2 for 30 min that would effectively “dig”
a hole into the surface through the film layer. The tip was then withdrawn and a tapping
mode scan carried out over 4 × 4 μm2 to image the dig site. As is shown in Figure 9, the
dig area is clearly marked and appears to have material built up on either side. The hole is
quite clean and well defined. Measurements (Figure 9d) determined the depth of the hole
to be approximately 32 nm over the majority of its area. The material to the sides varies
considerably in height, spanning 100–300 nm. In contrast, the material further away from
the hole that was present before the digging is approximately 70 nm in height (relative to the
bottom of the dig site), which is in agreement with the larger protrusions observed in Figure 7.
It is interesting to note that the phase information in Figure 9 suggests that the film may be
even thicker than what we dug out, as there is no contrast and thus little discernable difference
in the physical properties between the surface and the bottom of the dig site, indicating the
same material.

Figure 9. (a) 4 × 4 μm2 AFM topography scan of dig site on 240 h submersion sample; (b) phase
image; (c) 3D rendering of the topography and (d) height profile of the dig site as indicated by white
line on the topography image (z-height scale ≈ 300 nm, phase voltage scale ≈ 4.6 V).

4. Discussion

Our observations (Figure 1) suggest that a uniform ultrathin film of the excess PEG-
based surfactant in the colloidal suspension was formed on the mica surface during the
droplet evaporation. The surfactant islands’ borders form an intricate pattern of circular
domains of the size of the nanocolloidal particles. It seems that both PS-PEG nanocolloids
and PEG-based surfactant molecules were initially deposited on the surface but upon the
slow evaporation of the droplet the subsequent convection current flows within the droplet
induced desorption and redeposition of the particles towards the periphery of the sample
(Figure 2). This is aided by the steric repulsion that exists between the surfactant-coated
mica substrate and the PS-PEG nanocolloids. Additional evidence for this hypothesis
comes from the trail lines appearing towards the perimeter of the sample (Figure 2). These
lines could be caused by the PS-PEG particle being dragged as opposed to lifted due to
the thinning of the droplet’s contact line as it nears complete evaporation of the liquid.
The existence of particles at the perimeter also suggests mass transport within the droplet.
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The initiation of convection flows within the droplet as it began to evaporate caused the
nanocolloids that were initially deposited on the sample surface to be lifted or dragged
along to the extremities. The mechanism of movement of suspended material towards the
periphery is well documented in other experimental work as the “coffee stain effect” [33],
where a pinned droplet will stream liquid towards the perimeter in order to replace the
evaporating liquid carrying within it any particulates in suspension [34].

The apparent thickness of the thin film is approximately 13 nm, which is compatible
with a dense self-assembled monolayer (SAM) of the MeOPEGMA oligomer that has a
contour length of about 16 nm [35]. We note that we have imaged in ambient conditions;
due to the humidity in the environment and to the fact that both mica and PEG have a
high affinity for water, there is the opportunity for the PEG SAM to be swollen [12]. The
MeOPEGMA oligomer terminates at one end with a methyl methacrylate group which
is hydrophobic while PEG is hydrophilic. If we consider that the PEG component of the
surfactant has a very high affinity for water then there would be no reason for it to adsorb
onto the surface for any of the submersion samples [36,37]; the methacrylate termination
group, however, will be in a bad solvent when in water, and so will prefer to align to the
mica surface [38]. If this adsorption configuration occurred at a high enough adsorption
density it would have the effect of creating a self-assembled monolayer of surfactant chains
in a brush regime. We note that when the samples are removed from the water suspension
the hydrophilic mica retains an ultrathin layer of water and could attract the PEG [39,40],
changing the orientation of MeOPEGMA.

In the dip-coated samples, we have also observed a layer of approx. 12 nm surrounding
the nanocolloid structures (Figure 6). In these samples we also see some evidence of slight
steps in the surrounding layer edge which could come from capillary forces as the liquid
around the nanocolloid structure evaporates. We note that there is an evaporation process of
the remaining ultrathin water domains at the micro/nanoscale for the dip-coated samples
even if most of the liquid has been dried by nitrogen injection [12]. The surfactants exposed
at the edge of the plateau will subside and tilt in some form creating small nanometre-size
steps. Parallel layering to the sample substrate cannot be excluded.

The clustering observed in the 1 h submersion samples (Figure 3) showed some inter-
esting configurations. Grain analysis showed that the z-heights relative to the surrounding
surface had quite well-defined peaks at 30 and 70 nm, suggesting that there is evidence of
bilayering occurring in the cluster structure. This is reinforced by the area histogram which
has a very strong peak in the region of the ≈90 × 103 nm2, indicating that there seems to
be a preferred size for the area occupied by the cluster. The (≈10 nm) lower than expected
height values could be the result of a thin film of surfactant having already formed on the
mica substrate (approx. 12–13 nm). Thus, the height peaks compare well for a particle
monolayer and bilayer since the particle size of the PS-PEG particles is ≈41 nm.

The 240 h incubation samples were submerged for the longest time in this study and
they had the highest material coverage of all the samples under investigation, as shown by
the digging experiment (Figure 9). The depth of the dig site (32 nm) indicates that there is a
bilayer, if not multilayer, of the surfactant present on the mica substrate. The hydrophilic
nature of the PEG combined with the hydrophobic methyl methacrylate termination would
facilitate such multilayer lamellar structuring. This configuration could explain the range
of protrusion sizes for these samples.

Further evidence for the multilayer surfactant formation comes from the grain analysis
(Figure 8). The z-height histograms indicate reoccurring peaks relative to the surrounding
surface at 15 nm, 25 nm, 40 nm, and 70 nm. Peaks also appear on the area measurements
at 5 × 103, 19 × 103, and 29 × 103 nm2. This multimodal distribution suggests that there
are regular separations in the z-heights, the differences are in the region of 15–30 nm
which would fit well with our proposed lamellar structuring of the surfactant. If this
is the case, then particles have become trapped on different layers of the surfactant; the
multimodal distribution in the area measurements promotes this idea; particles at different,
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but well defined, depths will protrude through to the top layer creating a series of defined
protrusions on the surface.

The FFT of the particle structures for the 72 h incubation time sample showed highly
ordered crystalline structuring of the PS-PEG particles (Figure 6). It revealed that the
characteristic length between the particles was 57 nm. The larger than expected length
could be due to the presence of the dry surfactant layer between them. The self-assembled
crystalline structures were formed due to capillary/meniscus forces towards the final steps
of the drying/evaporation; at this point the necessary interparticle forces required to draw
the particles closely together were generated [41,42]. A meniscus must exist between the
particles of the suspension liquid in order to generate the capillary forces when the particles
are still partially submerged in liquid at this point.

5. Conclusions

We found that the PS-PEG colloidal suspension containing an excess of PEG-based
surfactant molecules produced mixed monolayers, (sub-)monolayers, and ultrathin films
on the mica surface. Our AFM study indicates that the PEG-based surfactant organised into
self-assembled monolayers and multilayer ultrathin films. Flow currents during the droplet
evaporation led to the desorption and redeposition of PS-PEG colloidal nanoparticles into
the periphery of the sample, leaving the formation of an imprint of the particle deposition
towards the centre of the samples and thus creating a ‘fingerprint’ of the nanocolloid initial
structuring. The dip-coated samples showed a rich range of nanostructures including
highly ordered domains of the PS-PEG particles at low incubation times and particles
embedded in a multilayer surfactant ultrathin film at higher incubation times. To the best
of our knowledge this system has not been studied before and our AFM study indicates
the presence of very interesting nanostructures and nanopatterns which could be relevant
for many applications.

Author Contributions: Conceptualization, V.K. and J.W.; methodology, V.K. and J.W.; software, J.W.;
validation, J.W., V.K. and A.B.S.; formal analysis, J.W.; investigation, J.W.; resources, V.K. and A.B.S.;
data curation, J.W.; writing—original draft preparation, J.W.; writing—review and editing, J.W., V.K.
and A.B.S.; visualization, J.W.; supervision, V.K.; project administration, V.K.; funding acquisition,
J.W. and V.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by EPSRC, EP/P500206/1, DTA—University of Edinburgh.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available upon request.

Acknowledgments: J.W. acknowledges financial support from EPSRC (DTA—University of Edin-
burgh). For the purpose of open access, the author has applied a Creative Commons Attribution
(CC BY) licence to any Author Accepted Manuscript version arising from this submission.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Pinto-Gómez, C.; Pérez-Murano, F.; Bausells, J.; Villanueva, L.G.; Fernández-Regúlez, M. Directed Self-Assembly of Block
Copolymers for the Fabrication of Functional Devices. Polymers 2020, 12, 2432. [CrossRef] [PubMed]

2. Kulkarni, A.A.; Doerk, G.S. Thin film block copolymer self-assembly for nanophotonics. Nanotechnology 2022, 33, 292001.
[CrossRef]

3. Kim, J.H.; Jin, H.M.; Yang, G.G.; Han, K.H.; Yun, T.; Shin, J.Y.; Jeong, S.-J.; Kim, S.O. Smart Nanostructured Materials based on
Self-Assembly of Block Copolymers. Adv. Funct. Mater. 2020, 30, 1902049. [CrossRef]

4. Li, J.; Wang, J.; Chen, L.; Dong, Y.; Chen, H.; Nie, G.; Li, F. Self-assembly of DNA molecules at bio-interfaces and their emerging
applications for biomedicines. Nano Res. 2023. [CrossRef]

5. Glynos, E.; Chremos, A.; Camp, P.J.; Koutsos, V. Surface Nanopatterning Using the Self-Assembly of Linear Polymers on Surfaces
after Solvent Evaporation. Nanomanuf. Metrol. 2022, 5, 297–309. [CrossRef]

142



Coatings 2023, 13, 1187

6. Cummins, C.; Lundy, R.; Walsh, J.J.; Ponsinet, V.; Fleury, G.; Morris, M.A. Enabling future nanomanufacturing through block
copolymer self-assembly: A review. Nano Today 2020, 35, 100936. [CrossRef]

7. Karayianni, M.; Pispas, S. Block copolymer solution self-assembly: Recent advances, emerging trends, and applications. J. Polym.
Sci. 2021, 59, 1874–1898. [CrossRef]

8. Brassat, K.; Lindner, J.K.N. Nanoscale Block Copolymer Self-Assembly and Microscale Polymer Film Dewetting: Progress in
Understanding the Role of Interfacial Energies in the Formation of Hierarchical Nanostructures. Adv. Mater. Interfaces 2020,
7, 1901565. [CrossRef]

9. McClements, J.; Shaver, M.P.; Sefiane, K.; Koutsos, V. Morphology of Poly(styrene-co-butadiene) Random Copolymer Thin Films
and Nanostructures on a Graphite Surface. Langmuir 2018, 34, 7784–7796. [CrossRef]

10. McClements, J.; Buffone, C.; Shaver, M.P.; Sefiane, K.; Koutsos, V. Poly(styrene-co-butadiene) random copolymer thin films and
nanostructures on a mica surface: Morphology and contact angles of nanodroplets. Soft Matter 2017, 13, 6152–6166. [CrossRef]

11. Zhou, Y.; Huang, W.; Liu, J.; Zhu, X.; Yan, D. Self-Assembly of Hyperbranched Polymers and Its Biomedical Applications. Adv.
Mater. 2010, 22, 4567–4590. [CrossRef] [PubMed]

12. Glynos, E.; Chremos, A.; Petekidis, G.; Camp, P.J.; Koutsos, V. Polymer-like to Soft Colloid-like Behavior of Regular Star Polymers
Adsorbed on Surfaces. Macromolecules 2007, 40, 6947–6958. [CrossRef]

13. Mendrek, B.; Oleszko-Torbus, N.; Teper, P.; Kowalczuk, A. Towards next generation polymer surfaces: Nano- and microlayers of
star macromolecules and their design for applications in biology and medicine. Prog. Polym. Sci. 2023, 139, 101657. [CrossRef]

14. Zhang, J.; Sun, Z.; Yang, B. Self-assembly of photonic crystals from polymer colloids. Curr. Opin. Colloid Interface Sci. 2009, 14,
103–114. [CrossRef]

15. van Dommelen, R.; Fanzio, P.; Sasso, L. Surface self-assembly of colloidal crystals for micro- and nano-patterning. Adv. Colloid
Interface Sci. 2018, 251, 97–114. [CrossRef] [PubMed]

16. MacFarlane, L.R.; Shaikh, H.; Garcia-Hernandez, J.D.; Vespa, M.; Fukui, T.; Manners, I. Functional nanoparticles through
π-conjugated polymer self-assembly. Nat. Rev. Mater. 2021, 6, 7–26. [CrossRef]

17. Martin, C.P.; Blunt, M.O.; Vaujour, E.; Fahmi, A.; D’Aléo, A.; De Cola, L.; Vögtle, F.; Moriarty, P. Chapter 1 Self-Organised
Nanoparticle Assemblies: A Panoply of Patterns. In Studies in Multidisciplinarity; Krasnogor, N., Gustafson, S., Pelta, D.A.,
Verdegay, J.L., Eds.; Elsevier: Amsterdam, The Netherlands, 2008; Volume 5, pp. 1–20.

18. Mutch, K.J.; Koutsos, V.; Camp, P.J. Deposition of Magnetic Colloidal Particles on Graphite and Mica Surfaces Driven by Solvent
Evaporation. Langmuir 2006, 22, 5611–5616. [CrossRef] [PubMed]

19. Xia, Y.; Gates, B.; Yin, Y.; Lu, Y. Monodispersed Colloidal Spheres: Old Materials with New Applications. Adv. Mater. 2000, 12,
693–713. [CrossRef]
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Abstract: In this study, we employed a polymer processing method based on solvent vapor anneal-
ing in a confined environment to swell-rich thin films of polybutadiene-b-poly(2-vinylpyridine)-b-
poly(ethylene oxide) triblock copolymers and to promote their crystallization. As revealed by optical
and atomic force microscopy, thin films of triblock copolymers containing a rather short crystalline
poly(ethylene oxide) block that was massively obstructed by the other two blocks were unable
to crystallize following the spin-casting process, and their further swelling in solvent vapors was
necessary in order to produce polymeric crystals displaying a dendritic morphology. In comparison,
thin films of triblock copolymers containing a much longer poly(ethylene oxide) block that was less
obstructed by the other two blocks were shown to crystallize into dendritic structures right after the
spin-casting procedure, as well as upon rich swelling in solvent vapors.

Keywords: block copolymers; thin films; solvent vapor annealing; polymer crystallization; atomic
force microscopy

1. Introduction

The wide diversity of polymeric properties has its first source in the nature of poly-
mers’ soft material component units named monomers [1–11]. The capability of long
polymer chains to adopt, after specific processing conditions, a multitude of conforma-
tional arrangements at multiple length scales, represents a second consistent source that
nourishes the development of new and/or enhanced polymer properties in thin films and
on various surfaces of interest, in solutions and in the solid state [2,9,12–16]. Obviously,
the optimized polymer properties can be advantageously employed to design and pro-
duce various functional devices, develop new technologies, and engineer high-impact
applications [7,17–27].

There is a broad range of prominent processing methods that can efficiently alter the
microstructure of various polymer chains and tune their molecular arrangements at mi-
crometer and nanometer scales [10,14,28–34]. Such methods can be used to align polymer
molecules in thin films during [35–37] or after [15,33,38–43] their fabrication, as well as in
solutions [44–46] and in the solid state [14,47,48], and may include the selection of solvent
quality [49] and polymer concentration [50], addition of non-solvents [51], employement
of convective forces [31,34], thermal annealing [40], pressure [52] or mechanical stretch-
ing [53], and use of space confinements [54,55] or annealing in solvent vapors [39,41]. The
aforementioned methods mainly rely on physical processes such as self-assembly [56–58]
or crystallization [40,41,59–62]. In particular, the crystallization process becomes important
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when employed to control the mechanical [63,64], optoelectronic [64,65] or other [64,66]
properties of polymeric materials. Interestingly, while the confinement of polymer chains
has been reported to exhibit significant impact on the kinetics of crystallization [67] of block
copolymers (BCPs), the solvent vapor annealing procedure has proved to be critical in the
ordering of a large variety of BCPs [68–70] inclusively when investigating highly complex
molecules [39].

In this study, we relied on a processing approach that takes advantage of both con-
finement and solvent vapor annealing (C-SVA) and further induces crystallization of BCP
systems based on rather short crystallizable poly(ethylene oxide) (PEO) blocks. The PEO
blocks are composed of only about 104 and 154 monomer units, with their correspond-
ing number average molecular weights being determined as MnPEO104 = 4600 g/mol and
MnPEO154 = 6800 g/mol, respectively [71]. We show that although the aforementioned
blocks are capable of crystallizing at temperatures below 40 ◦C [72], triblock copolymers
based on such blocks will not crystallize into large dendritic crystals under spin-casting
conditions, unless further processed by utilizing the improved C-SVA approach [73,74]
(note that polymer chains containing much larger numbers of ethylene oxide monomers
are known to crystallize following spin casting or thermal annealing processes at room
temperature or various higher crystallization temperatures; such macromolecules are often
used as model systems for studying general concepts of the crystallization process [38,75]).
Compared to other SVA-based studies [39,41,42], this improved approach was recently
shown to be capable of self-assembling various BCP systems into highly ordered nanos-
tructures [73,74]. It consists of a sample chamber of reduced depth and well-regulated
temperature and a “bubbling” system able to inject precise amounts of solvent vapors
inside the sample chamber (Figure 1). With this design, the rich-swelling of BCP films
is possible without encountering weak variations in the sample temperature during the
swelling-deswelling processes, and thus without experiencing unwanted fluctuations in
the swollen-film thickness that can generate film defects upon drying [73].

Figure 1. Schematic representation of the experimental setup used to process thin BCP films. In
this setup, the Peltier module was connected both to a temperature controller and a PT100 sensor.
Meanwhile, the heat sink was coupled to a fan. At the same time, the pipe transporting solvent vapors
was connected to a nitrogen-based “bubbling” system depicted on the left. The scheme shows both
the unswollen (on the left) and swollen (on the right) states of a BCP film. Note that the dimensions
are not drawn at scale.

2. Materials and Methods

The polymer system employed in this study was a polybutadiene-b-poly(2-
vinylpyridine)-b-poly(ethylene oxide) (PB-b-P2VP-b-PEO) triblock copolymer (see its chem-
ical structure depicted in Figure 2). We employed four different BCP systems displaying
number average molecular weights of Mn = 20,500 g/mol (PB100-b-P2VP100-b-PEO104),
Mn = 28,200 g/mol (PB185-b-P2VP108-b-PEO154), Mn = 76,000 g/mol (PB348-b-P2VP252-
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b-PEO697) and Mn = 26,400 g/mol (PB66-b-P2VP69-b-PEO356), respectively [71]. These
polymer systems were synthesized by living anionic polymerization in tetrahydrofuran
(THF) in the presence of cumyl potassium (PIK) as initiator, and through the employment
of well-established procedures [71,76,77].

Figure 2. Chemical structure of the PBx-b-P2VPy-b-PEOz triblock copolymer employed in this study.
Here, x, y and z are the degrees of polymerization corresponding to each of the three blocks (x is
representing the values of 66, 100, 185 and 348, y is representing the values of 69, 100, 108 and 252,
and z is representing the values of 356, 104, 154 and 697, respectively).

The reagent used for the preparation of copolymer solutions was toluene (98%),
purchased from the Chemical Company (Iasi, Romania). Toluene was employed because it
is a good solvent for both PEO and PB. Copolymer solutions were prepared by dissolving
10 mg of copolymer powder in 1 mL of toluene. The process was followed by gentle stirring
to further stimulate dissolution and homogenization. Afterwards, polymeric solutions
were annealed at 70 ◦C in a silicon oil bath (ONE 7-45, Schwabach, Germany) for 30 min to
complete the dissolution of copolymers in toluene.

Thin triblock copolymer films of a thickness of 79 ± 5 nm (this value was determined
after scratching a film and measuring the corresponding height profile with the atomic force
microscopy/AFM) were obtained by spin casting copolymer solutions onto solid silicon
substrates using a WS-650mz23nppb spin coater from Laurell Technologies Corporation
(North Wales, PA, USA). Films were deposited at a speed of 2000 rpm for 30 s. Type
4PO/5-10/380 ± 15/SSP/TTV < 5 silicon substrates were acquired from Siegert Wafer
GmbH (Aachen, Germany) and were subjected to UV-ozone treatment for 20 min (in a
PSD Pro Series-Digital UV Ozone System from Novascan; Boone, IA, USA) before their
further use.

For the swelling and deswelling of BCP films via their exposure to toluene vapors in a
quasi-confined environment (C-SVA), we have used a home-made equipment consisting
of an aluminum chamber with a high-performance Peltier element (15.4 V/8.5 A from
Stonecold) placed beneath (see Figure 1). The 100 W powerful Peltier module permitted
the setup to exhibit a maximum temperature difference ΔT between the two sides of about
58 ◦C. The temperature of the Peltier module (i.e., the temperature of the bottom of the
sample chamber and thus, the temperature of the film; note that the bottom of the chamber
was thermally separated from the rest of the chamber by design) could be regulated by a
temperature controller (model TCM U 10 A from Electron Dynamics Ltd.; Southampton,
UK) that received feedback from a PT100 temperature sensor located in the chamber, in
the vicinity of the BCP film. The PT100 sensor was continuously communicating the film
temperature to the controller. The latter could change the strength and direction of the
electric current depending on whether it needed to cool or heat the system (electricity
was provided by a 12 V/10 A power supply). Moreover, an aluminum heat sink and a
fan were placed on the other side of the Peltier module, which helped to equalize the ΔT
temperature. The controller was connected to computer software that used proportional
integral derivative technology to accurately set the temperature within the desired time.
With the above-described device, it was possible to control the sample temperature with a
precision of 0.01 ◦C and to keep it constant over time. Furthermore, the time required to
reach a specific temperature could be varied within the seconds–hours range. This allowed
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us to finely tune the rate at which the temperature changed and to avoid weak variations
in the sample temperature, which may appear when reaching a specific temperature
setpoint during a swelling or deswelling procedure. Finally, note that the sample chamber
was saturated with toluene vapors using a nitrogen-based “bubbling” system that was
connected to a flow meter that allowed the amount of vapors to be regulated.

The following experimental procedure was used to swell/de-swell thin BCP films in a
quasi-confined environment saturated with toluene vapors. A PB-b-P2VP-b-PEO triblock
copolymer film was placed in the sample chamber. While the chamber was heated up to
40 ◦C, the desired quantity of toluene vapors was bubbled inside. Next, the film tempera-
ture was set to 15 ◦C. While the temperature was decreasing at a rate of 0.3 ◦C/s, at around
22 ◦C the toluene vapors started to condense gradually on the surface of the film and
the latter started to swell and change its color. This change in the interference colors was
associated with the changes in the film thickness and could be used to monitor the thickness
of the latter in its swollen state (an interference color–film thickness calibration can be gen-
erated before the start of the swelling experiments by measuring the thickness of many BCP
films using the AFM technique and then associating each thickness to the corresponding
film color observed under the optical microscope; see additional details on the procedure
elsewhere [39,41,78]). At 15 ◦C there were enough toluene vapors condensed on the film
to transform it into a quasi-two-dimensional (2D) “solution” with a polymer concentra-
tion (cp) of about 7% ± 3% (this concentration value was calculated as the ratio between
the initial film thickness and the thickness of the swollen film; see details in [39,41,78]).
After about 30 s at this low cp, we reversed the process and initiated the deswelling pro-
cess when the film temperature was increased slowly back to 40 ◦C, at a rate of only
0.01 ◦C/s. During this time, toluene vapors began to gradually evaporate and the film
slowly returned to its original thickness, but with its surfaces covered with newly induced
crystalline structures.

For the acquisition of AFM images, a system from Molecular Devices and Tools for
Nano Technology (NT-MDT) mounted on an Olympus IX71 optical microscope was used
in noncontact (tapping) mode. The AFM measurements were conducted utilizing high
resolution Noncontact Golden Silicon probes from NT-MDT. These probes had a tip radius
of curvature smaller than 10 nm and a tip height in the range of 14–16 μm. Moreover,
they were coated with Au on the detector side cantilever. The latter had a length of
125 ± 5 μm, and displayed a resonance frequency in the range of 187–230 kHz and a
nominal force constant ranging between 1.45–15.1 N/m. The AFM images (256 × 256 lines)
were obtained using a scanning speed of about 1–2 μm/s and a setpoint ranging between
9 and 12 V. The setpoint was adjusted so that a very soft tapping regime was obtained. The
optical microscopy micrographs were acquired using a KERN OKN-177 optical microscope
operating in reflection mode.

3. Results and Discussion

The main objective of this study was to reveal the impact of C-SVA processing on
the crystallization of thin BCP films. To achieve this objective, we firstly used a triblock
PB100-b-P2VP100-b-PEO104 copolymer system containing one crystalline [40] PEO block.
Because the PEO block was rather short (it comprised only 104 repeating monomers)
and comparable to the lengths of the other two constituent PB and P2VP blocks (each
containing 100 corresponding monomers), we expected that this triblock copolymer would
face difficulties in crystallizing (i.e., to nucleate and grow into single crystals) due to
unavoidable obstructions exerted by the non-crystalline blocks. Indeed, many attempts
to nucleate and crystallize thin PB100-b-P2VP100-b-PEO104 films from the melt at various
temperatures below 40 ◦C were unsuccessful (although partial melting of such films was
observable under the optical microscope at 67 ◦C and above, the subsequent crystallization
in the temperature range of 26–38 ◦C would not occur, possibly due to insufficiently
increased chain mobility combined with the inhibitions generated by the non-crystalline
blocks). Moreover, crystallization would also be difficult under normal, high-speed spin-
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casting conditions that would kinetically trap the films in a rather disordered state, as
there is only limited time for the BCP to initiate nucleation and subsequent crystallization
prior to the loss of solvent. This latter statement was confirmed by the results presented in
Figure 3. As we can observe in the optical micrograph in Figure 3b, there were no crystals
forming during and/or after the spin-casting process, besides some irregular and randomly
distributed elongated objects (of a length of 10–20 μm, as indicated by the yellow dotted
arrows; a part of such a quasi-flat object was further indicated by the dotted shape in
Figure 3d). The AFM height images presented in Figure 3d,f further demonstrated that the
rest of the film surface was covered with bright-colored domains a few tens of nanometers
tall, surrounding some “empty” and dark-colored irregular regions. Nonetheless, these
latter regions appeared brighter in the AFM phase image in Figure 3h, indicating that at
the bottom they were made of rather stiffer structures, possibly some poorly developed
aggregates or crystalline objects. Instead, the taller bright-colored domains visible in
Figure 3f were composed of a rather soft, amorphous material, as indicated by their darker
appearance in the AFM phase image (Figure 3h). Here, some rather circular sub-50 nm
nanostructures, emphasized in Figure 3j by the dotted circular shapes, could nonetheless
be observed.

In comparison, the as-cast PB100-b-P2VP100-b-PEO104 BCP film that was further pro-
cessed with the C-SVA method exhibited a morphology composed of essentially single
crystals randomly distributed over the whole surface and displaying a dendritic structure
(Figures 3a,c and 4a). This observation proved that processing with the C-SVA method
favored and induced crystallization, even though the crystalline PEO block was short and
well obstructed by the other two blocks and otherwise did not form crystals. Moreover, the
dendritic crystals shown in Figure 4a nucleated and grew during the C-SVA processing,
within the range of 17–20 ◦C while the cp was determined to increase from about 20% to
around 40% (note that the four crystals numbered in their centers are “deformed” due to
their partial coalescence).

All the above experimental observations suggested that dendritic crystals only formed
when polymer chains experienced high mobilities conferred by the rather diluted quasi-2D
“film-solution” regime. This was not the case during the thermal annealing, when chain
mobilities are expected to be lower than those in solutions or during the spin-casting process,
when such mobilities are rapidly decreasing with the dramatic evaporation of the solvent.
Clearly, the dendritic crystals are a result of (partial) alignments of, at least, PEO molecular
chains (i.e., their crystallization). The growth of these crystals was driven not only by the
transport of the molecules to the crystal (which is ultimately dictated by the concentration
of polymer molecules in rich-swollen “film-solutions” and most probably by their diffusion
rate [75]), but also by the probability of a polymer chain attaching to the surface of a crystal.
Considering that the dendritic crystals formed in about 5 min (while increasing the sample
temperature from about 17 ◦C to 20 ◦C, with a rate of 0.01 ◦C/s) in a regime where the
molecules most likely experienced high mobilities that favored the diffusion of molecules,
we tentatively conclude that the corresponding attachment probability was rather high
and most probably dominated by the diffusion-limited aggregation that finally led to a
dendritic morphology [75].
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Figure 3. Optical micrographs (a,b) and AFM height (c–f) and phase (g–j) images depicting the
surface microstructure observed in a thin film of PB100-b-P2VP100-b-PEO104 after (a,c,e,g,i) and before
(b,d,f,h,j) its exposure to toluene vapors in a rather confined sample chamber. While height (e) and
phase (g) images each represent a zoom-in of a region depicted in (c), images in (f,h) correspond to
a zoom-in of a region shown in (d). Moreover, images presented in (i,j) are each a zoom-in of the
images portrayed in (g,h), respectively. The only purpose of the dotted arrows, shapes and lines is to
guide the eye.
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Figure 4. (a) Four (partially) coalesced single crystals of dendritic structures observed under the
optical microscope in a PB100-b-P2VP100-b-PEO104 thin film after its rich-exposure to toluene vapors.
(b) Zoom-in and a 230◦ rotation of the AFM phase micrograph shown in Figure 3g realized in order
to better emphasize the existence of 16 ± 2 nm large substructures.

Furthermore, the average thickness of the dendritic crystal presented in Figure 3c,e
was extracted from multiple AFM cross-section profiles and was estimated to be
26 ± 5 nm. This value seemed to match the thickness of a PEO crystalline lamella, if
considering that the maximum length of a crystalline PEO chain in its fully extended con-
formation is almost 29 nm (according to the literature, the dimension of one ethylene oxide
monomer is 0.2783 nm [79]). Nonetheless, we do not know whether the crystal extended
deeper within the 79 nm thick film, below the surface probed by the AFM. Additionally,
the semicrystalline P2VP block could possibly extend the lamellar thickness by another
25 nm (100 × 0.25 nm [80,81]). Therefore, it is not possible to conclude whether the observed
crystals were made of folded, tilted or fully extended chains without a further structural
analysis employing X-ray experiments. Nonetheless, by comparing the crystal with its
surrounding areas in the AFM phase image shown in Figure 3g, we observed that the color
of the crystalline regions appeared to be slightly lighter than that of the surrounding areas,
pointing towards a stiffer material. This was in accordance with the expectation that a
crystalline material should be stiffer than its uncrystallized counterpart. A further analysis
on the crystal morphology revealed not only that the dendritic crystals were composed, as
expected, of a multitude of orthogonal branches, but also that these branches exhibited fine,
rather orthogonal substructures of a lateral dimension of 16 ± 2 nm (see the dotted lines in
the AFM image of Figure 3i and the high magnification of substructures in Figure 4b). To
corelate this value with the dimension of the polymer chains and their precise arrangements
within the crystal, a full structural analysis based on X-ray measurements will be needed in
the future.

In order to further demonstrate that the C-SVA approach can efficiently induce and
promote the crystallization process even under unfavorable conditions (i.e., when the PEO
block is well obstructed by the other two blocks), we have further increased the length
of all blocks, while maintaining a similar ratio between the number of ethylene oxide
monomers and the number of total butadiene and 2-vinylpyridine monomers (~0.52). In
this case, the resulting PB185-b-P2VP108-b-PEO154 BCP system possessed a longer PEO
crystalline chain, but was still well obstructed by the other two blocks. Figure 5 shows
structures obtained in a PB185-b-P2VP108-b-PEO154 film after and before its processing in
toluene vapors. While the optical micrograph presented in Figure 5a and corresponding
to the processed film clearly emphasized the presence of crystals of a seaweed dendritic
morphology [82,83] with growing tips splitting intermittently during crystallization, the
optical micrograph shown in Figure 5b and recorded for the unprocessed film suggested
that there were no signs of crystals. In this latter case, the film surface was covered with
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irregular and randomly distributed structures of a few micrometers in size. These are
better visualized in Figure 5d as bright, irregular aggregates indicated by the dotted arrows.
In between these aggregates, the surface was covered with sub-500 nm structures that
exhibited various irregular shapes and were randomly distributed on the surface. One such
structure is pointed out in Figure 5f,h by the dotted square shapes, and further magnified in
Figure 5j. These structures appeared to be composed of roundish substructures of molecular
dimension (32 ± 3 nm in diameter; see the dotted circular green shapes in Figure 5j). The
regions in between the sub-500 nm structures were also covered with spherical objects of
a molecular diameter (see the dotted circular yellow shapes in Figure 5j). Knowing that
PB185-b-P2VP108-b-PEO154 BCP displays, under specific conditions, a micellar nature [84,85],
with micelles that could be exhibiting a total hydrodynamic radius of up to 28.5 nm [84],
we cannot exclude the possibility that the as-cast morphology of this BCP system is based
on randomly distributed 32 ± 3 nm large micellar objects.

Figure 5. Optical micrographs (a,b) and AFM height (c–f) and phase (g–j) images depicting the
surface microstructure observed in a thin film of PB185-b-P2VP108-b-PEO154 after (a,c,e,g,i) and before
(b,d,f,h,j) its exposure to toluene vapors. While height (e) and phase (g) images each represent a
zoom-in of a region depicted in (c), images in (f,h) correspond to a zoom-in of a region portrayed
in (d). Moreover, micrographs presented in (i,j) are each a zoom-in of the images shown in (g,h),
respectively. The purpose of the dotted shapes is for the eye guiding only.
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Instead, when the same BCP system was processed by utilizing the C-SVA method,
the morphology was composed of crystalline seaweed dendrites of an average height
of 29 ± 7 nm (determined by evaluating several cross-sections of the dendrites shown
in Figure 5c). As it can be observed in Figure 5e, the dendrites had a rather irregular
shape and were surrounded by a rather porous, yet amorphous morphology. Obviously,
the latter displayed a darker color in the AFM phase micrograph when compared to the
dendritic crystal (Figure 5g). Interestingly, a further magnification of the dendritic area
revealed the existence of both folded “stripe”-like and spherical substructures of a few tens
of nanometers in lateral dimension (Figure 5i). In conclusion, the comparison between
the two morphologies of the PB185-b-P2VP108-b-PEO154 film obtained before and after its
exposure to toluene vapors, revealed again that the crystallization process was induced
only in the diluted quasi-2D “film-solution” regime when the C-SVA method was utilized.

Finally, in order to compare the resulting crystalline structures when they are also
generated during the spin-casting process, we have massively increased the crystalline PEO
block within the BCP system (the ratio between the number of ethylene oxide monomers
and the number of total butadiene and 2-vinylpyridine monomers was increased to more
than 1.16; in this case the PEO block was expected to be less obstructed by the other
two constituent blocks when undergoing crystallization). In Figure 6 we compare a film
of PB345-b-P2VP252-b-PEO697, after and before being processed using the C-SVA method.
When the BCP system contained 697 ethylene oxide monomer units, the crystallization
process was spotted right after the spin-casting procedure. In this case, the BCP film
exhibited a uniform morphology fully covered with densely packed dendritic crystalline
structures (23 ± 5 nm in height; Figure 6b,d). Similarly, the film that was processed with
the C-SVA method also displayed a surface covered with dendritic crystalline structures,
but of a height about 33 ± 7 nm (Figure 6a,c; note here that the dendritic structures formed
during the initial spin casting process were dissolved during the exposure of the film
to toluene vapors in the “film-solution” configuration and then re-crystallized). In this
latter case, some “empty” regions, most probably depleted of chain molecules by the
crystallization process, were observed in between the dendrites. Clearly, the dendrites
grown in the C-SVA processed film were larger than those grown in the as-spin-cast film
(compare Figure 6c with Figure 6d). Moreover, the former dendrites were visibly covered
with various polymer decorations of an average height of 20 ± 5 nm (Figure 6e,g). This
was not the case for the as-spin-cast dendrites, which only displayed a rather uniform
surface (Figure 6f). Interestingly, the decorations were composed of spherical substructures
that had an average diameter ranging from ~30 nm to ~55 nm (Figure 6g) and displayed
a rather soft texture (as inferred from the AFM phase micrograph shown in Figure 6i).
These spherical structures failed to develop during the spin-casting process (Figure 6h,j). In
conclusion, when dealing with BCPs composed of rather long crystalline PEO blocks, the
crystallization process occurred both after the spin casting and after the C-SVA processing.
Nonetheless, only in the latter case were the crystalline dendrites larger, better defined, and
displaying decorations composed of spherical soft structures of molecular dimensions.

Similar results to those reported in Figure 6 were also obtained for the PB66-b-P2VP69-
b-PEO356 triblock copolymer. Although composed of a shorter PEO block that contained
only 356 monomer units, this BCP also exhibited crystalline structures in both C-SVA
processed and unprocessed films (Figure 7). Nonetheless, in this case the ratio between the
number of ethylene oxide monomers and the number of total butadiene and 2-vinylpyridine
monomers was more than 2.63, as the PB and P2VP blocks were reduced to only 66 and
69 monomers, respectively. Therefore, there was not much obstruction of the crystallization
process that could have been exerted by the latter two PB and P2VP blocks. Moreover, the
fine substructures that can be seen in Figure 7i,j and that form the dendritic crystals shown
in Figure 7a,b, are displaying a rather lamellar appearance with lateral dimensions of
18 ± 3 nm in width. Thus, these substructures are not spherical as those observed in
Figure 6i,j for the BCP containing a much longer PEO block.
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Figure 6. Optical micrographs (a,b) and AFM height (c–h) and phase (i,j) images depicting the
surface microstructure observed in a thin film of PB348-b-P2VP252-b-PEO697 after (a,c,e,g,i) and before
(b,d,f,h,j) its exposure to toluene vapors in a confined sample chamber. Height images in (e,f)
each represent a zoom-in of regions depicted in (c,d), respectively. Similarly, the height images
in (g,h) each correspond to a zoom-in of regions portrayed in (e,f), respectively. Moreover, phase
images shown in (I,j) are each a zoom-in corresponding to the regions delimited by dotted shapes in
(g,h), respectively.

154



Coatings 2023, 13, 918

Figure 7. Optical micrographs (a,b) and AFM height (c–h) and phase (i,j) images depicting the
surface microstructure observed in a thin film of PB66-b-P2VP69-b-PEO356 after (a,c,e,g,i) and before
(b,d,f,h,j) its rich-swelling in toluene vapors. Height images in (e,f) each represent a zoom-in of
regions depicted in (c,d), respectively. Similarly, the height images in (g,h) each correspond to a
zoom-in of regions portrayed in (e,f), respectively. Moreover, phase micrographs shown in (i,j) are
each a zoom-in corresponding to the regions delimited by dotted shapes in (g,h), respectively.
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4. Conclusions

We have used a polymer processing approach based on solvent vapor annealing
in a space-confined environment in order to induce crystallization in thin films of PB-
b-P2VP-b-PEO triblock copolymers that contained a rather short crystalline PEO and
which would not crystallize otherwise. Indeed, the obtained optical microscopy and
AFM results have shown that the PB-b-P2VP-b-PEO films based on short PEO blocks (i.e.,
104–154 monomer units) that were well hindered by the other two constituent blocks led
to crystals of (seaweed) dendritic morphology only following their generous swelling
in solvent vapors. As expected, the BCP films based on a much longer PEO crystalline
block (i.e., 356–697 monomers) that were less hindered by the other two constituent blocks
underwent crystallization inclusively under normal spin-casting conditions.
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Abstract: Electrospray deposition (ESD) uses strong electric fields to produce generations of monodis-
perse droplets from solutions and dispersions that are driven toward grounded substrates. When soft
materials are delivered, the behavior of the growing film depends on the film’s ability to dissipate
charge, which is strongly tied to its mobility for dielectric materials. Accordingly, there exist three
regimes of electrospray: electrowetting, charged melt, and self-limiting. In the self-limiting regime, it
has been recently shown that the targeted nature of these sprays allows for corona-free 3D coating.
While ESD patterning on the micron-scale has been studied for decades, most typically through
the use of insulating masks, there has been no comparative study of this phenomenon across spray
regimes. Here, we used test-patterns composed of gratings that range in both feature size (30–240 μm)
and spacing (1/3x–9x) to compare materials across regimes. The sprayed patterns were scanned
using a profilometer, and the density, average height, and specificity were extracted. From these
results, it was demonstrated that material deposited in the self-limiting regime showed the highest
uniformity and specificity on small features as compared to electrowetting and charged melt sprays.
Self-limiting electrospray deposition is, therefore, the best suited for modification of prefabricated
electrode patterns.

Keywords: electrospray deposition; electronic packaging; fabrication; microtechnology; thin films

1. Introduction

As microscale manufacturing grows in scale, the cost of production can be greatly
reduced through manufacturing techniques that operate at ambient pressures and low
temperatures. While electrosprays have long been a keystone of certain large-scale manu-
facturing industries such as paint coating and agriculture, electrospray deposition (ESD)
has yet to reach broad industrial-scale application. This distinct regime of electrospray
operates at low flowrates and relies on only electrostatic forces to deliver material. ESD
has several unique capabilities for thin film [1–4] and nanoparticle [5–8] processing that
are more relevant now than ever. However, further understanding and demonstration of
the capabilities of ESD are necessary before employing it in, for example, the creation of
dielectric coatings, hermetic barriers, and the deposition of active sensor materials. More
specifically, this manuscript explores the potential for ESD to be combined with microfabri-
cated templates without the need of a stencil mask through understanding and leveraging
of charge dissipation mechanisms.

During ESD, a strong electric field is applied to a capillary containing a solution or
dispersion. This causes the exiting fluid to undergo electrostatic breakdown and produce
generations of charged monodisperse droplets that deliver their payloads to a grounded
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target [9]. For ESD of non-conductive soft matter, we have categorized this behavior into
three regimes that depend on the ability of the deposited film to dissipate charge [10]. If
the deposited film maintains a certain level of mobility and low viscosity, it will thin to
increase surface area and conduct charge to uncoated regions, which is called electrowetting.
While spraying liquids or solid materials above their glass transition temperature (Tg) is
an obvious way to maintain mobility, it has also been observed that higher temperatures
can induce greater mobility by increasing the solvent absorption, which, in turn, decreases
the Tg. The charged melt regime also depends on mobile material, but in this case, the
film’s higher viscosity favors instabilities to dissipate charge. Due to the dependence
on mobility, these electrospray regimes exist in a balance, and it has been observed that
electrowetting materials can transition to charged melts as the material thickness increases.
Further, if the surface affinity to the target is poor, either regime can result in dewetted films.
On the completely opposite end of the spectrum is the self-limiting (SL) regime where
glassy materials below their effective Tg are sprayed in a phenomenon we have named
self-limiting electrospray deposition (SLED). In the SL regime, charge is unable to dissipate
from the growing film, and this charge build-up eventually results in the repulsion of
nearly all the incoming material. This regime also transitions to the charged melt regime
as Tg is approached through either increased temperature or blending with solvent vapor
or another material, as the charge is better able to dissipate through mass transport [11].
One of the main advantages of SLED is the ability to conformally coat conductive/charge
mobile surfaces, and much of our prior work has focused on 3D, corona-free coatings [12].
However, the ability to target micron-scale 2D patterns is also highly valuable, but in need
of further characterization.

While several studies have patterned electrosprayed materials simply by controlling
local electric fields [13,14], the typical approach has been through some form of mask-
ing, with authors depositing nanomaterials (both organic and inorganic), biomaterials,
and polymers [15–22]. In one of the earliest examples of patterning with ESD, Buchko
et al. used a shadow mask for depositing arrays of polypeptides, with the term shadow
mask implying that the mask was conductive, and the substrate and mask were equally
coated like a stencil [23]. It was Morozov and Morozova who first described the use of an
insulating mask for the deposition of arrays of DNA material with the observation that
the electrospray quickly traps charge on the mask, leading to a repulsion that focuses the
spray onto conductive regions [24]. Importantly, this focusing increases the deposition
thickness relative to an unmasked substrate. Hu et al. also observed that focusing could
even be achieved without a mask when spraying block copolymers onto glass using a
grounded needle and a high voltage grating beneath the substrate to direct the spray [14].
Interestingly, their (likely charged melt) spray was observed to spread beyond the width of
the buried grating.

While material focusing can be useful, especially when attempting to achieve small
linewidths, we must also consider spray uniformity. For unpatterned, non-SLED sprays,
deposition tends to lead to a peaked distribution. On the other hand, focusing depends
greatly on geometry, meaning that the spray of complex 2D patterns will lead to large
variations in the amount of material deposited, which can be especially problematic when
manufacturing multi-layer materials. This was encountered by Morozov and Morozova,
who tried to counteract the effects either by moving the spray platform or by adding a shield
to the spray environment [24]. Though successful to a degree, their array features were all
of equal size, so it is unclear if this effect would carry over to more complex geometries.

Further, work from our group has shown that even materials sprayed in the SLED
regime can be impacted by feature size. In a recent study, focused laser-spike (FlaSk)
dewetting was used to pattern circular holes of varying sizes on photoresist-coated silicon
wafers as templates [22]. After spraying with polyvinylpyrrolidone in the SL regime, it
was observed that larger features tended to have thicker coatings, and that all features
had coatings that were thicker than an unmasked substrate. This is curious in light of
our initial work that showed that thickness in the SL regime was dependent only on
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electric field strength, and that below the SL thickness, total sprayed mass was the only
determining factor. However, at the time, it was observed that deposited materials were
slightly collapsed, indicating that excessive solvent vapor may have been generated due to
focusing from the template. As mentioned earlier, increased solvent absorption can lead to
charge dissipation and electrowetting/charged melt behavior. These effects can, therefore,
be mitigated in three ways: (1) the total patterned area can be increased, (2) the flowrate
can be reduced, and (3) the strength of the dielectric layer can be reduced to decrease
the effect of focusing. Regarding the third point, Zhu and Chiarot observed that thinner
photoresist layers allowed for deposited nanoparticles to strike closer to recessed feature
edges, indicating a reduction in the focusing effect [15].

Here, we aim to elucidate the performance of all three spray regimes by spraying
substrates composed of silicon chips patterned with Ti/Pt on top of an insulating layer of
Parylene. Furthermore, we aim to quantify the interaction of complex 2D geometry with
ESD through the use of a metal pattern that includes multiple gratings of varying sizes
and spacing. A MATLAB script is used to extract values for average deposition height,
volumetric density, along with a simple figure of merit that characterizes the specificity of
the spray to the template.

2. Materials and Methods

2.1. Materials

Polystyrene (35 kDa) and 2-Butanone (>99%) were purchased from Sigma Aldrich
(St. Louis, MO, USA) and were used as received. Polystyrene (PS) was added to butanone
at a mass loading of 1 wt.% and left on a roller overnight. A “melting gel” material was
used to demonstrate a fully liquid, electrowetting spray. Melting gels (MGs) are oligomeric
silsesquioxanes (synthesized via a sol–gel process described elsewhere [25]) that show
thermoplastic-like behavior above their Tg, but cross-link into hybrid organic/inorganic
glasses when heated past their consolidation temperature [26]. The melting gel used here
was composed of 65% methyltriethoxysilane (MTES) and 35% dimethyldiethoxysilane
(DMDES) (in mol%) and had a Tg below 0 ◦C. The MG was diluted using absolute ethanol
to 1 wt.% MG for spray. All sprays were performed on Ti/Pt patterns on 4–5 μm thick
Parylene insulation. These substrates were made in-house via photolithography and
acetone lift-off using 4-inch silicon wafer substrates.

2.2. Feature Test Patterns

The feature test patterns were designed to assess a series of gratings that range in
both grating width and spacing (Figure 1). The gratings were attached to a 1 × 1 cm2 grid
used as a grounding path connected to a 0.5 cm2 grounding pad. Every individual grating
filled an approximate width of 1.5 mm and the features had a length of 1 mm. On the
interior of the grounding grid, the feature width, referred to as the feature size, increased
in multiples of 15 (15/30/60/120/240 μm). Around the exterior, the feature sizes increased
in multiples of 20 (20/40/80/160 μm). Along each row, the feature size was constant, but
the gap between each finger increased as a function of the feature size (1/3x, 1x, 2x, 3x, and
9x). For example, the 30 μm row had gaps of 10, 30, 60, 90, and 270 μm. For this work, we
focused on the 30/60/120/240 μm features. The 20 μm features were included to contrast
the 30 μm features due to their similar size but different spatial location on the test pattern.
However, for both these smaller feature sizes, the 1/3x gratings were excluded because
they were too small for the profilometer to measure.

2.3. Electrospray Setup

Strong electric fields were applied via alligator clips to a vertically suspended 30-gauge
needle and a stainless-steel ring (ID 2 cm) using high-voltage power supplies (Acopian,
P012HA5M, Easton, PA, USA) to achieve electrospray. The ring was placed 1 cm above the
needle tip and acted to stabilize the electric field and focus the spray. The voltage on the
needle was held at a constant 6 kV DC, while the voltage on the ring varied from 3 to 5.5 kV
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DC to maintain stable cone jet sprays. The solution was pumped to the high-voltage vertical
needle using a syringe and Teflon tubing using a syringe pump at a rate of 0.1 mL/hr.
During sample fabrication, the spray was first stabilized on a grounded, blank, 4-inch Si
wafer (p-type; 0–100 Ω cm), stacked on top of a steel plate and hot plate, and located 6 cm
below the needle tip. Once the spray was stabilized, the test pattern was placed in the
center of the spray and allowed to coat for 30 min. Separately, the grounding pad of the
test pattern was taped with carbon tape to a 2-inch wafer (p-type; 0–100 Ω cm) to create a
grounding path. This 2-inch wafer was able to interface directly with the grounded 4-inch
wafer. While the PS sprays were sprayed in ambient atmosphere (30% humidity/22 ◦C),
the MG was sprayed in a low-humidity chamber (21% humidity/25 ◦C) due to its moisture
sensitivity. For the PS, two sprays were performed, one at a hotplate temperature of 30 ◦C,
which is in the SL regime, and the other at 100 ◦C, which is near or above Tg due to solvent
swelling. The MG was sprayed at 35 ◦C to completely ensure it was sprayed as a liquid.
After spraying, the MG was consolidated overnight at 150 ◦C to fully crosslink. Although
SLED sprays are highly porous, the PS was densified via solvent swelling using a brief
exposure to butanone vapor to allow for profilometry scanning.

Figure 1. (a) (top) Full feature test pattern and (bottom) single row demonstrating the distal/proximal
scans. (b) Actual uncoated test pattern profile (black) compared to calculated binary profile (shaded
red). An error can be observed in the center of the grating that has been corrected in the model.

2.4. Measurement and Analysis

The test patterns were measured using a KLA Tencor P-7 Stylus Profilometer (Milpitas,
CA, USA). Each feature was scanned twice, with a 0.5 mm spacing between scans (Figure 1).
We differentiate the scans by referring to them as distal or proximal with respect to the
grounding grid. Scans were performed with a 100 μm/s scan speed, 200 Hz sampling rate,
and a 0.5 μm step size. The stylus had a 2 μm radius and contacted the surface with a
pressure of 2 mg per stylus area.

Scans were analyzed using a MATLAB (R2022a, Mathworks®, Natick, MA, USA) script.
A blank test pattern was scanned to create a baseline. To remove noise and standardize
the analysis, the average feature size (width) was measured from these scans and used to
create a binary model of the gratings (Figure 1). The model gaps were calculated for each
grating by subtracting the average measured feature size from the total spacing of a gap
plus feature size. The measured average width was a few microns larger than the actual
feature size due to the stylus diameter. During analysis, the script aligned the collected
profile scan with the binary data file (Figures S1–S3, see Supplementary Materials) and
calculated 3 parameters: (1) height (Hg) is the average height of the profile directly on top
of the features for a given grating; (2) density (ρg) is the total amount of material deposited,
in area, divided by the length of the features available; (3) specificity (σg) is the amount of
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material on the features divided by the total amount of material deposited, both as areas.
The calculation is accomplished through rectangular approximation and array operations:

Hg =
∑(hp ◦ m)Δx

∑(m) Δx
(1)

ρg =
∑(hp)Δx
∑(m) Δx

(2)

σg =
∑(hp ◦ m)Δx

∑(hp)Δx
(3)

The height, density, and specificity are given a subscript (g) to denote that each
parameter is calculated for every grating. Meanwhile, hp is the array containing the profile
height for the grating, m is the array containing the binary model, Δx is the step size,
and (hp ◦ m) indicates element-wise multiplication. Although Δx cancels, we leave it here
for clarity regarding the rectangular approximation. Despite having the same units, the
height is best understood in terms of length (μm) and the density as an area per length
(μm2/μm). On the other hand, the specificity is unitless and ranges from 0 to 1, serving as
a representation of how much of the sprayed material landed on the template. A visual
representation of these parameters is given in Figure S4. Thanks to the similarity between
these equations, the resulting relationship exists that is utilized later:

σg =
Hg

ρg
(4)

During analysis, a cutoff value was added so that noise from the profile baseline
was not included. These cutoff values were within range of the uncoated feature height
(~0.15 μm), so the area of the actual feature was not considered in the density calculation.
The analysis was also run with a simulated coating file where the entire profile consisted of
hp = 1. This represents a completely indiscriminate coating and is useful for identifying
biases in our analyses.

3. Results and Discussion

To determine the importance of the ESD regime in template interactions, we employ
several materials, real and simulated, that are expected to deliver highly different behaviors.
As mentioned, the simulated data are used to model an indiscriminate coating with a
uniform height (labeled H = 1 on graphs as we also scale it after analysis), such as would
be deposited by, for example, spin coating, highly far-field spray, or vapor deposition. This
“material” is useful for identifying biases in our metrics where smaller gaps result in lower
densities and higher specificities. Real materials are compared to these biases to ensure
observed trends are due to electrostatic phenomena. The melting gel (MG), showing liquid
electrowetting behavior, demonstrates the least amount of charge build-up and, therefore,
the least amount of repulsion. Without repulsion, a central area receives the most spray.
This creates a gradient in spray thickness that, as is shown, almost entirely dominates the
behavior observed. The 100 ◦C polystyrene (PS), demonstrating charged melt behavior,
accumulates some charge, largely avoiding the formation of a gradient. However, its ability
to spread and form instabilities dissipates some of the charge, leading to higher densities,
lower specificities, as well as greater heights on large features. It is also seen that distal areas
of the feature are more susceptible to this effect. Finally, 30 ◦C PS demonstrates a behavior
entirely consistent with SLED, with charge accumulation redirecting the spray to uncoated
regions. There is no thickness gradient or trend toward metric bias. Its density and height
are consistent with the expectation of uniform growth on all features, regardless of size.
Meanwhile, its specificity on small features consistently outperforms other materials.
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3.1. Density and Height

Before investigating geometry, it is important to demonstrate where macroscopic
thickness gradients influence our results. Figure 2 shows a surface map of the test pattern,
with the density of each grating plotted based on its relative position on the test pattern
while Figure 3 shows the same data plotted by feature size and spacing. MG, unlike the
PS sprays, correlates with the position on the test pattern as opposed to feature size and
gap. It is apparent that the corner of the test pattern receives a greater amount of spray
than the rest of the pattern. As mentioned, the high mobility of the liquid dissipates charge
and prevents the repulsion needed to counteract a thickness gradient. From the simulated
coating, we can see that there is some bias in the metrics (bottom right) showing a similar
trend. It is much easier to have a higher density coating for larger gaps simply because
there is less feature surface available. However, this is not the whole story for MG. If we
look at the actual profilometry data, we see that the heights of the MG features increase as
we move across the test pattern, even within the same grating, which can only be explained
by a gradient (Figure S5a).

Figure 2. Surface maps of grating density plotted by their relative position on the chip. Note that 20
and 30 μm features are positioned on opposite ends. The simulated indiscriminate coating (H = 1)
has been scaled to fit on the same axis as the real materials, but the actual values are arbitrary.
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Figure 3. Surface maps of grating density plotted according to their gap ratio and feature size.

Due to this gradient, trends in the MG height data are more anecdotal than quanti-
tative. Comparing the 20 μm large gap features to the 240 μm large gap features, we see
an excellent example of the distinction between density and height (Figure S5b). There
is clearly much more total material on the 20 μm features, even when there is much
less total available surface as seen for the 9× gap. However, only the top left grating
(20 micron/3× gap/distal) comes close to the heights seen for the 240 features. Unfor-
tunately, without a single 20-micron feature to compare to, it is difficult to tell if this
pattern is due to the feature size, the presence of multiple features, or various focusing or
wetting effects.

Moving onto the PS sprays, we do not see evidence for a thickness gradient with
relative grating position (Figure 2). While the 100 ◦C increases in density with increasing
gap, this is not seen in the profile data as we saw with the MG, indicating that the trend is
due to metric bias. On the other hand, for both sprays, we see a slight trend with respect
to feature size with higher densities on smaller features (Figure 3). Importantly, this trend
differs from the biases represented by the simulated data, indicating that it is a real effect.
We also see that, on average, the 100 ◦C spray has a higher density than the 30 ◦C does.
However, the 100 ◦C also has greater variation, appearing to trend with the scan’s local
position within the grating (distal/proximal) and not with the position on the test pattern.

From the height data, we see further variation between the 30 ◦C and 100 ◦C samples
(Figure 4a). For 100 ◦C PS, we see that a definite trend exists for feature size. Demonstrating
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the lack of thickness gradient, we see that the 30 μm features appear slightly taller than
the 20 μm features do, despite the 20 μm feature’s close physical proximity to the tallest
features, 240 μm (Figure 4b). Looking at all the data points, we see that the 30 ◦C PS
height barely changes with feature size. Averaging these data points, we obtain a height
of 1.51 μm ± 0.10 for 30 ◦C PS features. This differs from our prior results that showed
increasing deposition thickness on larger features [22]. This is likely the effect of a reduced
spray delivery rate from a combination of (1) distance, (2) flowrate, and (3) overall pattern
area, which, for this pattern, is ~0.9 cm2 and, for the earlier work, was sub-mm2. For this
reason, the current result can be more fully considered SLED. This is reinforced by the
templated SL thickness also differing from the SL thickness observed for PS on a bare
wafer, which is ~2.5 μm [10,11]. This indicates that the presence of the charged mask makes
the exposed template a less favorable target than the supporting ground, reducing the
thickness needed to repel incident spray. This is similar to results reported by Kingsley
et al., which indicated that small targets receive very little incident spray when depositing
in the SL regime [21].

Figure 4. (a) Height data from the PS sprays; (b) Overlay of the 20 μm and 30 μm/9× gap distal
features for the 100 ◦C spray showing a lack of a positional thickness gradient.

To verify and interpret these results, we overlay the profiles for the 30, 60, and 240 μm
features for the 30 ◦C PS proximal as well as the 100 ◦C PS proximal and distal scans
(Figure S6). To compare the profile shape, each feature is centered at zero, and the position
data are normalized by the feature size. The profiles show a characteristic shape, with peaks
near the feature edge. While profilometry can produce artifacts near sharp edges, as seen
in Figure 1b, the raised edges seen here are too broad to fit this description. Instead, this is
likely the effect of the surrounding insulating areas focusing material onto the feature edges.
The hypothesis is supported through finite element method simulations, which show the
electric field lines preferentially directing material toward the edge of the feature when
there is a moderate amount of surface charge on the surrounding insulation (Figure S11). It
is also important to remember that these coatings are densified, and the actual effect may
be even more prominent for undensified material. Comparing between feature sizes, of
particular note is the change in shape seen between the 60 and 240 μm features, which is
most easily discernable in 30 ◦C PS. As the edges increase in thickness, they also increase in
repulsion. It appears that this repulsion either prevents further deposition on the center
of smaller features or acts to focus material onto the centers of larger ones. Comparing
across materials, we can gain a much clearer understanding of the height results seen in
Figure 4a. There is clearly much greater uniformity in the 30 ◦C PS profile compared to
the 100 ◦C PS, which explains the relative uniformity of the 30 ◦C PS height data. While
the central regions are increasing in height, this result is tempered due to the small size of
the difference and the uniformity of the edge heights. For the 100 ◦C PS, we can see that
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the proximal profiles are more uniform than the distal. For both these profiles, the 30 μm
features appear to have segregated into two bands, one with a concave central region and
another that is relatively flat. This is likely due to the proximity of surrounding features,
with smaller gaps allowing for more blending and spreading, creating the flatter band. For
the 60 and 240 μm features, there is more room to spread on an individual feature and the
variability increases. For the 240 μm features in particular, the curvature becomes distinctly
convex, and the central region can grow far beyond the height of the edge peaks.

3.2. Specificity

The specificity of all materials and the simulated data are plotted on surface maps in
Figure 5 according to their feature size and gap ratio. For all real materials, the specificity
values indicate that it is clearly more difficult to target smaller features, as would be
expected. We can also see that our metrics do not bias the results in this direction; rather,
the simulated data show us that smaller gap ratios produce a bias toward higher specificity
values due to the greater available surface. To probe the specificity further, we turn to
a comparison plot that includes both specificity and density, shown in Figure S7 for all
materials. Figures 6 and 7 show individual plots of specificity versus the inverse of density
with color maps denoting both gap ratio and feature size, respectively. Beginning with
the uniform data, we see the justification for the transformation: the relationship between
specificity and the inverse of density is now linear, which can be explained by Equation (4)
where Hg is equal to 1. For this case, specificity and density are mainly controlled by the
amount of the feature available, which is generally controlled by the gap. With the amount
of space per grating being relatively constant, larger gaps mean less available surface and
vice versa. This explains why the gap-ratio color map is completely ordered.

Figure 5. Surface maps of specificity graphed according to the feature size and gap ratio.
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Figure 6. Specificity vs. 1/Density with color maps denoting gap ratio.

Figure 7. Specificity vs. 1/Density with color maps denoting feature size (μm).
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Importantly, we see that the PS sprays differ from these trends. The 30 ◦C PS shows
no trend regarding gap ratio. The 100 ◦C PS proximal also shows no trend, while 100 ◦C PS
distal does show some relation to the gap ratio (Figure S8). However, both show a strong
behavioral correlation to feature size, for the above-stated reason of smaller features being
more difficult to target specifically. For the 100 ◦C PS, we can also see that the high-density,
low-specificity data points are mainly derived from smaller features at distal locations. MG,
on the other hand, has trends for both the gap ratio and the feature size but is relatively
independent of distal/proximal positioning. As shown above, the dependence on the gap
is strongly contributed to by a coincidence with the spray thickness gradient. However,
we also see in Figure 4b that for the 20 μm/9× gap and 20 μm/3× gap, similar amounts
of material are deposited, but there is a large discrepancy in density, demonstrating the
metric bias that occurs for coatings trending toward indiscriminate behavior.

One way to think about this analysis is as a spectrum from metric-bias-dominated
behavior to phenomenological-dominated behavior. Data from the simulated sample
represent what we might expect from a conventional coating method such as spin coating,
and it is completely dominated by the inherent biases in our metrics. The MG coating is
relatively thin for most of the sample due to the thickness gradient, which is too strong to
allow us to hypothesize any other effect for the gap. However, the MG is not completely
indiscriminate. Repulsion from the masked region prevents larger features with larger gaps
from blending, which is why we see a trend in Figure 7. If we were to increase the MG
coating thickness via longer spray times, some of these larger features would likely spread
more, and the high specificity values would decrease. However, we would also likely
observe a transition to charged melt behavior before material on isolated features spreads
far beyond the test pattern. PS sprays, on the other hand, are better able to accumulate
charge, even if 100 ◦C PS can spread and dissipate the charge to some degree. The 100 ◦C PS
distal is less targeted than 100 ◦C PS proximal and 30 ◦C PS and, therefore, shows metric
bias to a slight degree (Figure S8). The 30 ◦C PS and 100 ◦C PS proximal act independent of
metric bias, which provides evidence for SL behavior. Further, by considering the 30 ◦C PS
features less than 240 μm, the specificity versus inverse density plot can be fit linearly
(R = 0.88) with a slope of 1.49 ± 0.10 and a near-zero intercept of 3.03 × 10−4 ± 0.05. As
per Equation (4), the slope represents the average height of the features, which is measured
directly as 1.51 ± 0.10 μm. This confirms that the SL effect for small features leads to
uniform films. For the 240 μm features, the points are more scattered corresponding to the
change in profile shape observed for larger features (Figure S6), and the slight increase in
height seen in Figure 4a appears to have more of an impact here.

3.3. Feature Crosstalk

A separate figure of merit that is highly relevant to microfabrication is feature crosstalk—i.e.,
whether a deposition connects two adjacent features. This could be fatal or essential based
on the application. For example, interdigitated electrodes have been used for flexible
supercapacitors [27,28]. In this case, bridging the gap with a conductive material would
short the device. However, if we were to use ESD for encapsulation, we would want to
ensure that the entire grating is coated.

We create a new binary model profile with wider features to capture this scenario.
The width of a single feature and gap is added, and the feature is expanded to fill 90% of
this space (Figure 8a). Gratings that only include a single feature are excluded from this
analysis. While specificity increases, only material bridging the space directly in the center
of the gap is penalized. Examining the results (Figures 8b and S9) and cross-referencing
with the profilometry scans (Figures S1–S3), we see that anything less than 99% has some
features bridged by the coating. This gives us more concrete data for the limits of SLED.
The 30 ◦C PS, below Tg, spray allows us to access features separated by gaps of 80–120 μm
where 100 ◦C PS fails. We also see that the limit for 30 ◦C PS appears to be 60 μm gaps and
below. Interestingly, this is irrelevant of feature size, telling us that feature size controls
the specificity and the density to some degree, but ultimately, the amount of spreading is
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relatively similar for all features. Therefore, the size of the gap is the only important factor
in this regard.

Figure 8. (a) Cross-section drawing of the expanded-feature-generated profile (red) relative to the
actual feature (gold) and the total gap (black); (b) Specificity results for the expanded features.

While we would expect the general trends to hold for other sprays and substrate
systems, we would expect the actual size limits to vary. As seen in Figure S11, the focusing
behavior can vary based on the surrounding surface charge. Increasing the effect of focusing
while still remaining in a SL effective flowrate regime could increase specificity. Another
option would be to spray for shorter times, though this would decrease the density and
risk non-uniformity due to thickness gradients in less developed films. In Figure S10, we
show an example of another SL material, methylcellulose. While it appears to have targeted
the features with higher fidelity, it is also undensified, so the difference might be due to
post-spray flow. Within SL materials, behavior differences can likely occur due to dielectric
constant, morphology, and solvent absorption, though we expect general trends compared
to electrowetting and charged melt materials to remain the same.

4. Conclusions

In this study, we demonstrate that the mobility of electrosprayed materials strongly im-
pacts the material’s interaction with features of varying geometry. For a liquid—electrowetting
material—represented by the MG, it is demonstrated that deposition is strongly, though not
completely, controlled by the spray thickness gradient. This gradient is observed across the
test pattern, even within a single grating, increasing both the measured heights and densi-
ties. However, the liquid is still charged and is, therefore, not completely indiscriminate.
Accordingly, the effects of charge repulsion still allow for the high-specificity, high-density
coatings seen on large features.

The 100 ◦C PS shows intermediate charged melt behavior between the SL regime and
the completely liquid electrowetting regime. The higher temperature allows the material
to spread, which alleviates charge buildup, increasing the density and decreasing the
specificity, and this effect is more prominent on distal regions of the feature. However,
there is still enough charge accumulation to prevent the formation of a strong thickness
gradient and provide a more uniform coating, though the feature size appears to control
the film thickness.

Finally, 30 ◦C PS is clearly representative of SL behavior. Its density and specificity do
not trend with the model biases whatsoever, and there is relatively little difference between
distal and proximal scans. Its specificity, especially for small features, is consistently much
higher than any other material shown here, and there is lower variability. Its density is
also relatively uniform and, on average, lower than that of 100 ◦C PS. Most interesting
of all, it is found that while smaller features tend to have higher densities and lower
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specificities, height is relatively constant, indicating that film growth is uniform across
features. We also expect that other self-limiting materials would demonstrate this general
behavior (Figure S10).

These results differ from our previous findings which showed that for small circular
features with diameters ranging from 10 to 40 μm, wider features had thicker coatings, and
all these coatings were much thicker than unpatterned electrosprays. This is more similar
to what we observed here for 100 ◦C PS distal. We, therefore, postulate that geometry only
impacts the height of non-SL materials. In line with this conclusion, it appears that for our
previous results, the deposited material entered the charged-melt regime, likely from an
excess accumulation of solvent, allowing for continued material growth that was further
compounded by the effects of focusing. The evidence presented in this work suggests
that we were able to mitigate this effect, likely through a combination of a lower flow rate,
greater spray distance, and larger pattern area.

Finally, we show that the self-limiting material sprayed on these test patterns could
target features separated by 80 μm gaps and above without bridging them. The fact that
80 μm is observed as the limit across feature sizes speaks to the material’s ability to grow
uniformly. However, we do expect this number to be system-dependent, and we predict
that it is possible to target features separated by even smaller gaps in other systems. For
example, it is likely possible that stronger focusing could be employed at the low flow rates
used in this work without great detriment to the uniformity. However, in this case, we
can use 80 μm to inform pattern design within this system, and we can use our analysis
technique to rapidly assess new systems in the future. Furthermore, we can use the current
data to guide the deployment of these materials under different applications. For example,
to encapsulate with the melting gel material, we would likely use a moving stage or a
focusing collar to ensure more uniform coverage of all features as has been conducted in
the past [24]. On the other hand, the uniformity of the SL material on small features is a
very promising result that will allow for controlled deposition of multilayered materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/coatings13030599/s1, Figure S1: All aligned profile data for the
30 ◦C PS; Figure S2: All aligned profile data for the 100 ◦C PS; Figure S3: All aligned profile data for
the MG.; Figure S4: Visual representation of (top) Hg, (middle) ρg, and (bottom) σg; Figure S5: Profile
scan of (a) the 120 μm feature of the MG test pattern and (b) the 20 μm features overlayed with the
240 μm features; Figure S6: Overlays of the 30, 60, and 240 μm feature profiles, standardized by width
for (a) PS 30 ◦C Proximal and (b) PS 100 ◦C Proximal and Distal; Figure S7: Specificity versus density
for all data sets; Figure S8: Specificity vs 1/Density with color maps denoting gap ratio for PS 100 ◦C
distal-only; Figure S9: Expanded gap specificity by feature size. (a) 20 μm, (b) 30 μm, (c) 60 μm and
(d) 120 μm; Figure S10: Microscope images of the 60 μm feature/3× gap for (a) blank test pattern,
(b) MG, (c) PS 30 ◦C, and (d) PS 100 ◦C, and (e) methylcellulose; Figure S11: Pictures of the simulation
cell for the electrostatic spray simulation.
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Abstract: In the current leather market, waterproof leather occupies a large proportion, where wa-
terproofness has become one of the important standards for leather selection. However, the most
advanced fluorine-containing waterproofing agents on the market always have long chains of over
eight carbons (C8), whose use has been restricted due to their bioaccumulation and recalcitrance in
natural environment. Consequently, creating waterproof materials characterized by their environ-
mentally friendly qualities and high performance is of great significance. Herein, we report a novel
strategy for preparation of the fluorinated polyurethanes containing short branched fluorocarbon
chains, and apply it in leather waterproofing. Because the fluorine-containing chain segments are
enriched on the coating surface, the waterproof agent coating shows good hydrophobicity, low water
absorption, high wear resistance and potential photodegradation of performances. Additionally, the
water and oil proof performances of the coating are comparable to that of the marketed C8 water-
proofing agent. Its solvent-resistant and antifouling performances are also outstanding. Therefore,
the coating can meet the property requirements for daily use and has broad application prospects.

Keywords: short branched fluorocarbon chain; fluorinated polyurethane (FPU); waterproof coating;
leather surface modification

1. Introduction

At present, leather has a wide range of applications, but its development is limited
by its easy aging and poor properties in terms of water proofing and scratch resistance.
The main way to improve the performance of leather materials is to coat its surface with
a layer of protective film. The common coatings on the market can roughly be divided
into three categories, namely polyurethane [1–6], polyacrylate [7–9], and organic sili-
con [10–12]. Among them, polyurethane (PU) is the first reported and widely studied
due to its strong structural designability and excellent wear resistance [13]. However,
the waterproof performance of PU material itself is not enough to meet the requirements
of leather materials in some special fields, such as in a long term exposure to a humid
environment. To further improve the waterproof, oil-resistant and anti-smudge properties
of PU coatings, fluorinated polyurethane (FPU) waterproofing agent is prepared often
by introducing fluorine-containing groups into the PU molecular structure. On the one
hand, the FPU retains the special structural characteristics of PU itself, which can bring lots
of excellent properties to the material, for example good film formation, wear resistance
and toughness. On the other hand, the introduction of fluorine-containing segments en-
dows polyurethane-based materials with other special properties (like excellent waterproof,
oilproof and anti-smudge properties [14–22]) due to its low surface energy [23], which
determines that the FPU will have better application prospects in more fields than the
traditional PU. The introduction of long-chain perfluoroalkyl (LF) groups to PU is currently
the most used method for FPU preparation through implanting fluorinated polyols as
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soft chain segments [24,25], perfluorinated alcohols as end sealants [26,27], or fluorinated
compounds with multi-functional groups as chain extenders [28–30].

To date, fluorinated chemicals containing LF groups [31], the most advanced water-
proofing agent on the market, have been verified, demonstrating that their manufacture
originated from straight-chain C8 perfluoroalkyl sulfonic acid or perfluoroalkyl acids,
such as C8 fluorocarbons, perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid
(PFOA) that have potential biotoxicity like bioaccumulation and environmental persis-
tence [32–36]. In view of these worrying dangers, many countries, such as Canada, the
United States and China, have adopted certain regulatory measures to prohibit its use in
the relevant industrial production. Fortunately, compounds with shorter fluorocarbon (SF)
chains are thought to be significantly less toxic, and the subsequent breakdown products
are innoxious [37,38]. Although FPU with SF components is more environmentally friendly
than FPU with LF components, its hydrophobic, oleophobic and anti-smudge properties
are significantly worse than those of long-chain FPU. Thus, it is particularly important to
explore a new type of fluorinated polyurethane that is not only environmentally friendly
but also has outstanding coating properties in the leather field. As for FPU with short
branched fluorocarbon chains, it is unclear whether it can satisfy the above two conditions
at the same time, and there have been few reports on this to the best of our knowledge.
Therefore, research into the fluorinated polyurethane with short branched chains in the
leather field will have strong theoretical and practical significance.

In this work, a novel type of short-branched fluorinated PU was prepared by first
synthesizing short-branched chain fluorinated alcohol and then implanting it into the
PU structure as an end-capping agent. As a main raw material, hexafluoropropylene
trimer is not restricted in use [39]. Thus, we initially synthesized a fluoro-alcohol by
reacting hexafluoropropylene trimer with p-hydroxybenzyl alcohol (Figure 1ai) [40]. Next,
a new FPU waterproofing agent was prepared by pre-reaction of 1,4-butanediol and
toluene diisocyanate, successively end-capping with fluoro-alcohol (Rf-OH) and ethanol
respectively (Figure 1 aii). We adjusted the fluorine content in the final mixture by changing
the molar ratio of ethanol and fluoro-alcohol, and maintained a molar ratio of approximately
1:1 between isocyanate groups and hydroxy groups. Fluorine-containing short branched
chains not only provide FPU with excellent surface performance, low water absorption,
and satisfied wear resistance, they also provide it with potential photodegradation. Most
notably, the FPU could be compared to the commercial C8 waterproofing agent, and the
former also exhibited superior waterproof, oilproof and antifouling properties, prominent
solvent resistance, and potential photocatalytic degradation.

Figure 1. (a) Preparation procedure of (i) Rf-OH and (ii) FPU; (b) 1H-NMR spectrum of Rf-OH in
DMSO-d6; (c) FTIR spectrum of FPU.
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2. Materials and Methods

2.1. Materials

Hexafluoropropylene trimer (HFPT) was purchased from Quzhou Chemical Industry
Co., Ltd. (Quzhou, China). p-Hydroxybenzyl alcohol, potassium carbonate (K2CO3), tetrahy-
drofuran (THF), toluene diisocyanate (TDI), 1,4-butanediol (BDO), N,N-dimethylformamide
(DMF) and ethanol (C2H5OH) were supplied by Aladdin Chemical Reagent Co., Ltd.
(Shanghai, China). C8 waterproofing agent was provided by Taifu Chemical Technology
Co., Ltd. (Shanghai, China).

2.2. Synthesis of Rf-OH

p-Hydroxybenzyl alcohol (6.20 g) and K2CO3 (6.91 g) were dissolved in 60 mL THF.
HFPT (33.75 g) was added dropwise into a four-mouth flask under nitrogen atmosphere,
followed by stirring and reflux for 4 h at 60 ◦C. Afterwards the mixture was slowly cooled
to room temperature and THF was removed with rotary evaporation to obtain a yellow
liquid (20.78 g, 70% yield).

2.3. Synthesis of FPU

BDO and DMF were mixed in a four-mouth flask at room temperature and then TDI
was added dropwise into the reaction flask under a nitrogen atmosphere. The reaction
system was kept at 70 ◦C for 2 h, then polyurethane prepolymer with two NCO groups
at the ends was prepared. Next, fluoro-alcohol (Rf-OH) was added to the system as one
capping agent, and the reaction was also maintained for 2 h. Finally, ethanol was added as
another capping agent under continuous stirring for another 2 h. Thus, the FPU at one end
of a molecular chain was sealed with fluoro-alcohol and the other end was successfully
sealed with ethanol. In this synthesis stage, we adjusted the fluorine content in the final
mixture by changing the molar ratio between ethanol (ET) and fluoro-alcohol (FA) and
maintained a molar ratio of approximately 1:1 between isocyanate and hydroxyl groups.

2.4. Leather Waterproof Coating

The leather surface was wiped with an absorbent cotton before coating the FPU
waterproofing agent, then a very small amount of FPU solution was dropped and roll-
coated on the leather surface with a clean glass rod. Finally, the treated leather was cured
at 130 ◦C for 20 min.

2.5. Characterization and Measurements
2.5.1. Chemical Structure Analysis

For Rf-OH, 1H NMR spectrum was obtained on Bruker 400 nuclear magnetic reso-
nance spectrometer and HRMS-ESI was obtained on Bruker Compact Q-TOF. The composi-
tion of FPU coating was analyzed by Fourier transform infrared spectroscopy (FTIR). FTIR
spectrum was recorded using a FTIR spectrometer (Tensor-27, Bruker, Karlsruhe, Germany)
at room temperature. The mixture of solid sample and desiccative potassium bromide
(KBr) was pressed into pellets for FTIR research.

2.5.2. Surface Element Analysis

The contents of chemical elements on the surfaces of PU and FPU coatings were
detected by X-ray photoelectron spectroscopy (XPS, ESCALAB 250 Xi, Thermo Fisher
Scientific, Waltham, MA, USA). The elements of the coatings and their contents were also
studied by energy-dispersive spectrometer (EDS), which was performed on a scanning
electron microscope (FEI Nova Nano SEM 450) operating at 10 kV. To avoid charge-loading,
the sample surface was sputtered with a thin layer of gold before the EDS experiment.

2.5.3. Wetting Test

Static water drop contact angle (WCA) and surface energy of the FPU membrane were
tested by DSA 30 S apparatus (Krüss Co., Hamburg, Germany) with 10 μL of water at room
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temperature. The WCA was the mean value of five measurements for water droplets at
different places on each sample surface.

2.5.4. Water Absorption

The FPU solution was uniformly sprayed on a glass plate with an area of 2.54 × 7.62 cm2,
and then dried and cured at 130 ◦C to obtain a FPU coating film with a thickness of 80 μm.
The sample was placed into distilled water at 25 ◦C for 120 h. During this soaking process,
it was taken out at certain intervals, the water on its surface was quickly wiped with
filter paper, and then the weight was measured. The water absorption was calculated by
following Formula (1):

w =
m2 − m1

m1
× 100% (1)

where m1 is the mass of the coating before being put into the water, m2 is the mass of the
coating after being put into the water, and w is water absorption.

2.5.5. Abrasion Analysis

Quantitative wear analysis was carried out using a JM-IV wear tester with two abrasive
CS-10 wheels. The grinding wheel with each load of 250 g was used to conduct a wear test
on the leather treated with the FPU waterproof agent. The contact pressure of the coating
film was estimated to be about 12.1 MPa, and the leather was subjected to uniform stress in
the slow and uniform rotation of the grinding wheel.

2.5.6. Potential UV Degradation

UV light irradiation was used to investigate the potential degradation performance of
the FPU waterproofing agent. The leather treated with the FPU waterproofing agent was
placed under a 365 nm UV lamp with a power of 30 W, which was located 0.14 m from the
light source.

2.5.7. Waterproof Grade Test

According to BS ISO 23232:2009, the dripping test method was adopted. According to
different surface tensions of isopropanol/water solution with different volume fractions,
the waterproofing grades are divided into 0~8 grades, which successively increase from
0 to 8, as shown in Table S1 in the Supporting Information. During this test, 5 μL of the
liquid was dropped on the leather surface treated with the FPU waterproofing agent at
an interval of 5 mm. If the surface of leather sample was not wetted after placement for
10 s, in which the profile morphology and contact angle of the droplet did not significantly
change, the waterproof grade was passed. Afterwards, the leather was then tested with a
higher grade of water-isopropyl alcohol mixture until the surface was wetted. The final
pass grade was the waterproof grade of FPU coated leather.

2.5.8. Oilproof Grade Test

According to BS ISO 14419:2010, oilproof grades can be divided into 1~8 grades on
the basis of different types of oil with different surface tensions (Table S2 in the Supporting
Information). During this test, 5 μL of oil (analytical reagent) was dropped onto the FPU-
coated leather surface in a spacing of 5 mm. If the sample surface was not wetted after
10 s, the profile shape and contact angle of the droplet had no obvious change to suggest
the waterproof level pass. Then, the higher grade of oil reagent was used to test until the
leather surface was wetted. As a result, the final approved grade was the oil proof grade of
the FPU modified leather.

2.5.9. Anti-Smudge Performance

The anti-smudge performance of our designed coating was further investigated. We
dropped the ink on the sloping leather to observe the flow mark of the ink print.
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2.5.10. Solvent Resistance

According to GB/T 23989-2009, the absorbent cotton was immersed in xylene solvent
to obtain a wetted state (no liquid drops should be dropped when it was extruded by hand).
Subsequently, using a safe protection, the index finger and thumb clamped the center of the
absorbent cotton at a 45◦ tilt angle against the coating surface. A total of 25 forward and
backward wipes were performed at a proper pressure to evaluate the solvent resistance of
the coating.

3. Results

3.1. Chemical Structure Analyses

The successful preparation of Rf-OH was confirmed by 1H NMR and HRMS-ESI.
Figure 1b shows the 1H NMR spectrum (400 MHz, DMSO-d6) of Rf-OH sample: c, chemical
shift 4.50 ppm (s, 2H); d, 5.29 ppm (s, 1H); b and b′, 7.02~7.23 ppm (m, 2H); a and a′,
7.37~7.47 ppm (m, 2H). HRMS-ESI (m/z): cacld for C16H7F17O2Na [M + Na]+ 577.0066,
found 577.0061.

To identify the chemical components of FPU coating, its FTIR measurement spectrum
was recorded, as is given in Figure 1c, where the characteristic peaks in N-H (3302 cm−1),
C=O (1707 cm−1), and saturated C-H (2922 cm−1) stretching vibrations can be observed.
The absorption band at 1537 cm−1 resulted from N-H bending vibration of secondary
amide. The disappearance of absorption bands of TDI’s NCO group (2270 cm−1) and
alcohol hydroxyl group (3340 cm−1) proved the successful synthesis of FPU oligomer [41].
However, the C-F stretching vibration absorption was not conspicuous as it might be
overlapped by the strong absorption of C-O-C group at around 1231 cm−1, and a weak
peak at 1293 cm−1 may be also due to the C-F stretching vibration. These results confirmed
the chemical structure of FPU oligomer.

3.2. Coating Surface Chemistry

XPS is an analysis technique for detecting the surface chemistry of a material in
the original state or after some treatment. The surface chemical composition of PU
(ET:FA = 1:0 mol/mol) and FPU (ET:FA = 0.5:0.5 mol/mol) coatings were confirmed by
XPS, as exhibited in Figure 2i. The surface atomic characteristic signals C 1s (276.8 eV), O
1s (524.4 eV), N 1s (392.3 eV) were observed, while the peak at 682.4 eV assigned to F(1s)
was clearly observed only in the FPU sample. This indicated that F atoms were presented
smoothly on the surface of the coating.

Generally speaking, fluorinated segments prefer to migrate to the material surface,
which contributed to the low surface energy and hydrophobic property [42,43]. When
the leather surface was covered with a uniform FPU waterproofing agent, the fluorine-
containing chain segments would migrate and enrich onto the surface during the drying
process. Here, the XPS detection result of FPU (ET:FA = 0.5:0.5) coating indicated that
the fluorine content (31.03 wt%) on its surface was much higher than the theoretically
calculated content (20.6 wt%), which clearly confirmed the enrichment effect of fluorine-
containing chain segments on the coating surface. The proposed mechanism for dynamic
behavior of perfluoroalkyl segments during drying and curing is shown in Figure 2ii. As
seen in Figure 2iii, the surface energy of the fluorine-free coating film was 57.61 mN/m,
while the surface energy of the coating with the incorporation of 0.25 molar ratio of FA
decreased to 30.05 mN/m. As the addition proportion of FA increased, the surface energy
of the coating decreased continuously. Intriguingly, after the ET/FA molar ratio reached
0.5/0.5, the surface energy was no longer significantly reduced with the increase in FA
proportion. The explanation for this is that at a higher F element content, more fluorine
migrated to the surface, meaning that the FPU waterproof coating had a lower surface
energy until close to the saturated fluorine content on the surface.
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Figure 2. (i) XPS spectra of surface survey of pure PU (ET:FA = 1:0) coating and FPU coating
(ET:FA = 0.5:0.5); (ii) Schematic representation of surface enrichment of fluorinated segments on the
coating during the drying and curing process; (iii) Surface energy of the coatings against molar feed
proportions of ET:FA; (iv) Fluorine atom (F) EDS mappings of the FPU coatings at different molar
feed proportions of ET:FA. (a) 0.75:0.25, (b) 0.5:0.5, (c) 0.25:0.75, (d) 0:1.

To further confirm the change in fluorine-containing chain segments on the coating
surface, EDS mapping of different ET:FA molar proportions of coatings was performed to
further analyze the composition and content of elements on the coating surface. Figure 2iv
showed the fluorine atom-based (F) EDS mappings of the FPU samples. It can be seen that
the uniform distribution of F element on the surface of the whole coating could clearly
be observed, and fluorine content increased significantly with the increase in FA feed
proportion. As a result, it is the enrichment of fluorine-containing segments on the surface
of materials that made the coating exhibit an outstanding waterproofing performance,
which is the main reason it is unique to other materials.

3.3. Surface Wettability

Water droplet contact angle measurement is one of the most common methods used
to evaluate surface waterproofing performance. As a direct reflection of the surface energy
of the materials, the WCA has great guiding significance for the application of waterproof
materials. The smaller WCA is, the better the wettability of liquid on a solid surface is.
Consequently, contact angle can be used to measure the wettability. When WCA is less
than 90◦, the liquid can moisten the solid surface. The change in WCAs of the PU and
FPU coatings with increasing FA proportion is given in Figure 3a. It can be seen from
Figure 3a that the coating WCA increased with the increase in FA addition ratio. Compared
with the pure PU (i.e., ET:FA = 1:0, 75◦), the WCA of FPU coating with ET:FA = 0:1 (117◦)
increased by 42◦. In addition, the test result of WCA was similar to that of commercial
C8 waterproofing agent. As a result, a hydrophobic surface was already formed due to
the enrichment of fluorine-containing chain segments on the surface. Nevertheless, the
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increase in WCA was not obvious with the ET:FA ratio increasing up to 0.5:0.5, which may
be due to the above-mentioned “saturation” of fluorine atoms on the film surface.

Figure 3. (a) Water drop contact angle (WCA) and (b) water absorption of waterproof coatings with
different molar proportions of ET:FA.

Water resistance is also an important investigation index for the practical application
of a waterproofing agent. The easy migration of fluorine-containing groups could cover
the surface of the coating to reduce the water absorption. As a result, the water absorption
for the FPU sample was smaller than the pure PU due to the existence of fluoride chain
segments. In addition, the surface of the coating was more compact as the proportion of
FA end-sealant increased, which made water molecules’ penetration become more difficult.
From Figure 3b, after 120 h of continuous immersion, the water absorption rate of PU
without FA was 0.094%, whereas the water absorption rates of FPU coatings incorporating
FA gradually decreased with the increase in the proportion of FA addition. In detail, the
water absorption rates of the FPU coatings at ET:FA of 0.5:0.5 and 0.25:0.75 were 0.048%
and 0.028%, respectively, which was lower than half of PU. The FPU coatings showed
the outstanding water resistance, and its water absorption rate was at a minimum when
ET:FA molar ratio was 0:1, which was almost unaffected by the soaking time. This is
also due to the low surface energy of fluorine-containing chain segments migration and
enrichment onto the surface. Furthermore, the water absorption did not further change
with the extension of soaking time and there is no shedding or foaming phenomenon on the
coating surface, which indicated the excellent water resistance of FPU waterproof coating.

3.4. Abrasion Resistance

Abrasion resistance is an important performance index for practical applications of
polymer coating. In this work, the waterproofing agent coating showed a satisfactory
abrasion resistance. As illustrated in Figure 4a, wearing was tested by a taber abraser at a
loading pressure of 12.1 MPa, and the experimental results displayed that the FPU-coated
leather still maintained the hydrophobicity even after 600 abrasion cycles (Figure 4b).
The coating WCAs increased with the increase in wear time. Among them, the WCA
of FPU coating with a large proportion of FA incorporation exceeded 120◦ after several
hundred times of friction. It could be reasonably speculated that this interesting result was
ascribed to the joint effects of roughness increase and the enrichment of fluorine-containing
segments on the surface of the FPU waterproofing coating. When the number of wear
times reached 700, the coating WCA decreased dramatically, no longer exhibiting the
hydrophobic performance. This phenomenon can be attributed to the substantive damage
of FPU coating on the leather surface.
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Figure 4. (a) Schematic illustration of abrasion test on a leather and (b) WCA change on the coated
leather after repeated abrasion.

3.5. Potential UV Degradation

Long straight-chain fluorocarbon compounds are limited by their non-degradable and
bioaccumulative properties, so the materials to be prepared should be environmentally
friendly and degradable. In this section, the leather samples treated with our synthesizing
FPU waterproofing agent were exposed to ultraviolet light, and their WCAs at different
UV irradiation times are compared in Figure 5. During the continuous irradiation of
120 h, the WCAs of FPU coatings decreased by about 15◦ at the end, but all their WCAs
were more than 90◦, still showing the hydrophobicity. Different from the PU sample,
which was completely terminated by ethanol, the leather samples decorated with the FPU
waterproof agent could still achieve the hydrophobic effect, which proved that the FPU
waterproof agent had better ultraviolet aging resistance and broad outdoor application
prospect. Compared to that the introduction of heptadecafluorodecyl triethoxysilane (FAS),
the WCA of the coating barely decreased after 600 min of irradiation, while the WCA of FPU
waterproofing agent decreased gradually after continuous UV irradiation. Therefore, this
indicated that the FPU waterproofing agent prepared in this research exhibited potential
photocatalytic degradation behavior.

Figure 5. Change of WCA with UV irradiation time for waterproof coatings with different molar
ratios of ET:FA.
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On the basis of the above test results and cost consideration, when the ET:FA molar
ratio was 0.5:0.5, that is, when one end of a molecular chain was sealed with ethanol and
the other end was sealed with fluoro-alcohol, we considered that the cost performance was
the highest at this moment. Furthermore, we roll-coated this sample on the leather surface
and comparatively tested the waterproofing properties of the FPU and the commercial C8
waterproofing agents. The correlative test results are described later.

3.6. Waterproofing Grade

As above discussion, the fluorine-containing chains enriched on the coating surface to
make it waterproof. Figure 6(ia–c) are the renderings of droplets of Grade 8 standard test
solution on pure leather, the leather coated with the FPU, and the leather coated with the
commercial C8 waterproofing agent, respectively. It is obvious that the two coated leather
samples were not wetted after 10 s of placement. In consequence, the FPU waterproof
agent embellishing leather had the waterproofing effect of Grade 8, almost one grade, as in
the commercial C8 waterproofing agent below.

Figure 6. (i) Waterproofing grade test with 40/60 (v/v) of water/isopropyl alcohol on uncoated
leather (a), leather coated with FPU waterproofing agent (b), and commercial C8 waterproofing
agent (c); (ii) Oilproofing grade test with n-heptane on uncoated leather (d), leather coated with FPU
waterproofing agent (e), and commercial C8 waterproofing agent (f).

3.7. Oilproofing Grade

The FPU coating not only showed good waterproof properties but also special oil-
proof properties. Figure 6(iid–f) are the renderings of droplets of Grade 8 standard test
solution on pure leather, the leather coated with the FPU, and the leather coated with
the commercial C8 waterproofing agent, respectively. It can be clearly seen that the pure
leather almost had no oil-proof performance, the test solution immediately wetted the
leather, while the FPU modified leather had Grade 8 oil-proof effect, which was the same as
that of the commercial C8 waterproofing agent. As a result, it could be used as a substitute
for the commercial C8 waterproofing agent to develop its applications, showing a good
market prospect.
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3.8. Anti-Smudge Performance

In real life, most materials are prone to losing some of their properties after suffering
oil pollution, and so do many waterproof coatings. Thus, we investigated the anti-smudge
performance of the FPU waterproofing agent modifying leather. Figure S1a,b respectively
shows the initial dripping and 2 s sliding traces of ink droplets coated on the unmodified
and FPU modified slant leather samples. The dark ink mark was expressly observed on
the surface of uncoated leather, but the ink easily slipped off the FPU coated area without
leaving a trace. Therefore, the incorporated fluorine-containing chain segments endowed
the ink-repellant property so that the as-prepared material showed tremendous potential
in anti-graffiti application.

3.9. Solvent Resistance

During testing the waterproofing property of FPU coating by using an isopropanol
standard test solution (Figure 7i), we found that the commercial C8 waterproofing agent
coating whitened after the test (Figure 7ia), while our prepared FPU waterproofing coating
did not show any whitening phenomenon (Figure 7ib). Therefore, it is necessary to carry
out solvent-resistant test (Figure 7ii).

Figure 7. (i) Samples tested with isopropanol/water standard test solution: leathers coated with
commercial C8 waterproofing agent (a) and FPU waterproofing agent (b); (ii) Solvent resistance test
of the coating by hand wiping: (c) before wiping, (d) wiping action illustration, and (e) after wiping
with the solvent.

It can be observed from Figure 7iie that the FPU coating after the repeated wiping
with the standard test solvent showed no damage, the surface gloss was still retained, and
the substrate was not exposed to the air at all. This experimental result proved that the FPU
waterproofing agent prepared in this work had a superior resistance to organic solvent.

4. Conclusions

In conclusion, we successfully prepared an excellent comprehensive property of a
novel leather waterproofing agent by introducing a short-branched fluoro-alcohol into
polyurethane oligomer structure as the end-sealant. The investigation results showed that
the waterproofing and oilproofing grades of the FPU waterproofing agent coating reached
their highest (Grade 8) and the ink easily slipped without leaving a trace, indicating that
the coating had excellent water-proof, oil-proof, and anti-smudge properties. Moreover, the
coating could sustain the high abrasion resistance and exhibit potential photo-degradation
after continuous UV irradiation of 120 h. Compared with the commercial C8 waterproofing
agent, the FPU coating also showed significant solvent resistance. The surface chemistry
analysis revealed the real reason for this superior performance, which was attributed to
the continuous increase in fluorine-containing chain segments with the increasing fluoro-
alcohol content and sub-sequent enrichment on the coating surface. This elaborately
designed FPU waterproofing agent had many advantages in terms of either structure or
property. This may avoid the straight-chain perfluoroalkyl compound (no less than C8)

186



Coatings 2021, 11, 395

having the defined biotoxicity and environmental persistence. As a result, it is expected to
be applied in various base materials. As for an investigation of the bioaccumulation of the
FPU waterproofing agent, we will perform further research in a future work.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/coatings11040395/s1, Table S1: Standard test liquids for waterproof grade test, Table S2:
Standard test liquids for oilproof grade test, Figure S1: Snapshots of sliding ink droplets on uncoated
leather (a) and leather coated with FPU waterproofing agent (b).
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