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HIGHLIGHTS

® Formation of superhydrophobic steel surface with contact angle as high as 166°.
® Demonstration of increased corrosion resistance of steel surfaces after treatment.
® Combination of micro-scale and nano-scale surface texturing.
® All-solution-processing based low cost and scalable technique.
® Characterization of steel surfaces using electrochemical impedance spectroscopy.

ARTICLE INFO ABSTRACT

Keywords: Stainless steel structures are used in reactor vessels, pipelines, boilers and industrial tubing in the oil and gas
Superhydrophobic surface coating industries and they regularly experience corrosion, erosion and fouling that necessitate frequent replacement
Discrete TiO,nanotubes and repairs. We demonstrate a new method to robustly protect the stainless steel surface and render it super-

Octadecylphosphonic acid (ODPA)
Self-assembled monolayer (SAM)
Corrosion resistance

And stainless steel surfaces

hydrophobic. Our method utilizes self-assembled monolayers (SAMs) of octadecylphosphonic acid (ODPA)
grown on discrete TiO, nanotube (d-TNT)-coated stainless steel surfaces for complete passivation. While the
formation of superhydrophobic coatings based on anodically formed titania nanotube arrays has been previously
reported by several research groups including us, the key techno-economic obstacle has been the need to use
vacuum deposition to grow adherent and uniform precursor Ti films on non-native substrates such as stainless
steel prior to electrochemical anodization. Vacuum deposition of the precursor Ti films is simply neither scalable
nor economically feasible for the large and complex stainless steel structures used in pipelines, boilers and
industrial tubing and solution processing, preferably a spray-coatable solution, is an absolute must. Our in-
novation here consists of formulating a spray-coatable suspension of functionalized discrete TiO, nanotubes that
forms a superhydrophobic surface on stainless steel substrates. Vacuum deposition is completely eliminated from
our process sequence and as such, we expect our coatings to inhabit the same niche as current commercial
formulations while possessing the superior temperature stability and wear resistance of TiO,.

1. Introduction resistance to corrosion, it is nevertheless subject to scale formation,
organic fouling, and corrosion, which over time result in pits or wea-

Stainless steel is one of the most widely used corrosion resistant kened structural integrity, loss of thermal conductivity, viscous drag,
structural materials in the industrial age. Stainless steel is used in the etc [1]. Increased viscous drag (in pipelines for instance) and lower
construction of boilers, heat exchangers, reaction vessels and other thermal conductivity (in boilers and heat exchangers) due to scale
large scale industrial components. Despite stainless steel’s relative formation and fouling can dramatically increase energy costs [2,3]
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while corrosion of stainless steel surfaces produces additional expenses
associated with process downtime, and component repair and re-
placement [4]. The formation of robust and durable superhydrophobic
surfaces would alleviate corrosion and scaling problems by inhibiting
the direct interaction of ions in aqueous media with stainless steel
surfaces, and therefore remains a highly sought-after goal.

Commercially available superhydrophobic coatings such as for-
mulations based on polytetrafluoroethylene (PTFE) or related systems
exhibit strong chemical inertness but are not cost effective for large
scale industrial applications. PTFE-based coatings also exhibit poor
wear resistance (Teflon is easily eroded) and typically have poor ad-
hesion to steel surfaces [5]. In order to address this problem, extensive
research was devoted to protect the steel or stainless steel surface
through the formation of self-assembled monolayers (SAMs) with dif-
ferent binding groups [6-9] using non-fluorinated molecules, and cost
effective processes and coatings; however, most of the coatings suffered
from the hydrolytic instability of the monolayer [10]. Consequently, the
best static contact angle (SCA) achieved was 108° [10]. To address this
issue, a notable research effort from Fujishima et al. reported super-
hydrophobic behavior on a bendable stainless steel surface [11],
wherein they used sulfuric acid for etching the stainless steel surface
and subsequently achieved a hydrophobic surface by silane treatment.
The major problem with this approach is that organic monolayers by
themselves will always experience significant erosion rates due to
which a chemically inert ceramic host coating for the monolayer is
essential. Keeping this in mind, in another study, a clean FeCls-treated
stainless steel surface was covered with silica nanoparticles followed by
the formation of a conformal layer of fluorooxysilane SAM, which im-
parted a very high static contact angle (SCA) to the stainless steel
surface [12]. Yet another method formed Ti thin films on steel surfaces,
and then decorated the resulting surfaces with per-
fluorodecyltriethoxysilane functionalized TiO, and SiO, nanoparticles
to form superhydrophobic steel surfaces [13]. The large area deposition
of Ti thin films on stainless steel surfaces is not feasible. Furthermore,
nanostructuring the stainless steel surface is insufficient to ensure a
durable coating since turbulent flows (Re > 4000) can produce wet-
ting of previously superhydrophobic surfaces within minutes. A more
robust method of imparting durable superhydrophobicity is to engineer
the formation of Cassie-Baxter type wetting states through a combina-
tion of microscale and nanoscale texturing of the surface so that trapped
air is present at different size scales to resist water imbibition. However,
texturing large area stainless steel surfaces or the insides of stainless
steel tubing, is non-trivial. The technique we propose consists of solu-
tion depositing functionalized discrete metal oxide nanotubes on
stainless steel surfaces to form a coating such that the chemical func-
tionalization imparts water-repellence while the combination of micro-
and nano-structuring due to nanotubes facilitates the formation of
Cassie-Baxter type wetting states.

We used an electrochemical anodization process to generate a ver-
tically oriented and self-organized array of titania nanotubes (TNTAs)
attached to the underlying Ti foil substrate. The morphological para-
meters of the TiO, nanotube architecture such as the diameter, wall-
thickness, wall smoothness, tube-length, inter-tubular spacing, aspect
ratio and taper, are fairly precisely tunable in a very wide range by
careful selection of the anodization process parameters [14-23]. The
vast potential of such substrate-attached and highly ordered TNTAs in
engineering well-defined wetting states such as superhydrophobicity,
superoleophobicity, omniphobicity and adjoining superhydrophilic-su-
perhydrophobic micropatterns through functionalization of TNTAs by
alkylphosphonate and perfluoroalkylphosphonate SAMs, have been
reported by us and others [24-28]. The formation of functionalized
TNTAs has been extended to a number of platforms other than Ti metal
foils such as plastic substrates, glass substrates, silicon wafers and even
stainless steel substrates through vacuum deposition of a thin film of Ti
followed by electrochemical anodization [29-33]. Q. Huang et al.
formed superhydrophobic TiOy-nanotube-coated 316L stainless steel
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surfaces by vacuum depositing Ti on to stainless steel surfaces, ano-
dizing the Ti to form nanotubes and then functionalizing the high
surface area TNTAs with 1H,1H,2H,2H-perfluorooctyl-triethoxysilane
[34]. However, vacuum deposition of Ti thin films is simply neither
technologically nor economically feasible for complex stainless steel
components with intricate features, curved surfaces and large physical
dimensions. Here, we present a superior approach based purely on so-
lution processing that entirely eliminates the need for vacuum deposi-
tion.

In our process, the nanotube array formed by anodization is dela-
minated from the Ti surface and first converted into a colloidal sus-
pension of discrete titania nanotubes (d-TNTs) through an ultra-
sonication process, and it is these d-TNTs that are used subsequently by
us to coat stainless steel substrates. To overcome limitations of the
current state-of-the-art, we herein introduce an elegant method char-
acterized by process simplicity and cost-effectiveness, to coat d-TNTs
onto stainless steel surfaces. Our method involves a simple drop-coating
of d-TNTs onto the stainless steel surface, which is easily scalable to
large stainless steel sheets and even curved surfaces. We obtained im-
pressive SCA and wear resistance, and this is to the best of our
knowledge the first report on the use of anodically formed d-TNTs for
surface engineering of stainless steel for enhanced corrosion resistance.
We chose TiO, nanotubes because of their desirable properties such as
chemical stability and adaptability to the formation of self-assembled
monolayers. Our method to inhibit corrosion, which involves com-
bining d-TNTs and suitable alkylphosphonate or perfluoroalkylpho-
sphonate SAMs, constitutes a cost-effective and robust solution to en-
gineer superhydrophobic stainless steel surfaces.

2. Experimental
2.1. Sample preparation

A 0.5mm thick stainless steel substrate (T-304 Stainless from
McMaster Carr) was used in our experiments. The substrates were in-
itially cleaned by sequential ultrasonication in methanol (99.8%, from
Fisher Scientific) then n-hexane (99%, from Acros) followed by iso-
propyl alcohol (99.8%, from Fisher Scientific); 15 min in each solvent.
Finally, the cleaned surfaces were treated with O, plasma for 10 min in
order to get rid of adsorbed carbon impurities. Thereafter, a discrete
TiO, nanotube (d-TNT) solution was drop-coated on an O, plasma
treated stainless steel surface and was allowed to be dry overnight.
Subsequently, the stainless steel surface coated with d-TNTs was im-
mersed in a 1 mM octadecylphosphonic acid (ODPA) (purchased from
Alfa Aesar with 97% purity) solution in 4:1 methanol:water at room
temperature for 20 h; alternatively, 1H,1H,2H,2H-perfluorodecylpho-
sphonic acid (PFDPA) purchased from Aculon Inc. was used in an
identical manner to ODPA to generate the samples used for mechanical
testing. The as-modified and passivated stainless steel surface was
rinsed with methanol in order to remove all physisorbed molecules and
dried with N, gas flow.

2.2. Formation of d-TNTs

Titanium foils with 0.79 mm thickness (99.7%; Alfa Aesar) were
degreased by sonication in methanol and deionized water (DI) and then
dried with nitrogen gas. A conventional two-electrode electrochemical
cell was used for anodic formation of TiO, nanotubes (TNTs) with di-
mensions of 1 X 4cm and 0.5 X 4 cm for anode and cathode, respec-
tively. An anodizing voltage of 60V was used. The duration of the
anodization was 3 days. An electrolyte consisting of 2% HF and di-
methyl sulfoxide (DMSO) was used to form TNTs with weak tube-to-
tube binding as well as a weak adhesion to the barrier layer. Hence the
substrate delamination and discretization of DMSO-synthesized TiO5
nanotubes was rendered easier [35]. The as-prepared DMSO-synthe-
sized TNTs were annealed at 500 °C in the presence of air for 2h
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[35,36]. The annealed TNTs from one anodized titanium foil (front and
back) were detached with a blade into small vials filled with methanol
(1 mL in volume). A tip sonicator was used to discretize the TNTs into a
colloidal suspension of d-TNTs in methanol. The sonication was started
at 150 W amplitude for 4 min and continued at 240 W amplitude for
1 min.

2.3. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) experiments were
performed in 0.1 M supporting electrolyte with a carbon counter elec-
trode and an Ag/AgCl reference electrode. Four samples were analyzed
in separate experiments and were used as the working electrode in EIS
experiments — these were a bare stainless steel foil, a stainless steel foil
coated with an ODPA monolayer, and two stainless steel surfaces coated
with discrete TiO, nanotubes (d-TNTs) one with and the other without
the ODPA SAM. The working electrodes had an area of 1 cm? exposed to
electrolyte and the remainder of the area was covered with parafilm.
Alternating current (AC) impedance measurements were performed
using a CH Instruments potentiostat in the frequency range 0 and
5000 Hz, at potentials near the open circuit potentials of the electrodes.

2.4. Characterization

A Hitachi S-4800 field emission scanning electron microscope
(FESEM) and a Zeiss Sigma FESEM were used to image the morphology
of the samples. Raman spectra were obtained using a Thermo-Fisher
Scientific Nicolet Almega XR micro-Raman spectrometer Thermo-Fisher
Scientific. Infrared spectra were obtained using a Thermo Scientific IR
spectrometer. A First Ten Angstroms Inc. FTA-200 water drop contact
angle measurement system together with ImageJ software, was used to
make SCA measurements.

2.5. Wear resistance and adhesion testing

Wear resistance testing of the coating was conducted by the sand-
paper abrasion method, where a stainless steel sample was placed on
320 grit sandpaper with the coating facing downwards [37,38]. A50¢g
weight was placed on top of the sample, and the sample then pushed
horizontally with a pair of tweezers for 5cm increment cycles, with
water drop contact angle measured in between each abrasion cycle.
Adhesion of the coating was evaluated by a tape test using Elcometer 99
Cross Hatch Adhesion Test Tape and following ASTM D3359 - 17 [39],
except for modifications during adhesion evaluations (reasoning is ex-
plained later). In brief, a blade was used to scratch 5 parallel cuts
20 mm long spaced 1 mm apart in the coating, followed by another 5
cuts identical to the first 5 except perpendicular in orientation to pro-
duce a lattice pattern. The tape was pressed down firmly, left for one
minute, and then pulled off quickly. The coating before and after the
tape test was compared by FESEM, and the resultant images processed
using ImagelJ.

3. Results and discussion

The process for coating stainless steel surfaces with d-TNTs and
subsequently with octadecylphosphonic acid (ODPA) SAMs is schema-
tically described in Fig. 1. Briefly, d-TNTs were drop-coated on to pre-
cleaned stainless steel foils to generate a several micrometer-thick
white, porous coating on the stainless steel surface. The pre-existing
negative charge on the d-TNTs, as a consequence of the process used to
grow them, created a strong electrostatic interaction with the stainless
steel surface such that the porous film that resulted after drop-coating
the d-TNTs on the stainless steel surface resisted repeated and strong
washing and rinsing cycles in water as well as subsequent drying using
a nitrogen gun. The porous coating on the stainless steel surface was
then immersed in a 4:1 methanol:water solution of ODPA in order to
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form hydrophobic self-assembled ODPA monolayers on all exposed
metal (stainless steel) and metal oxide (TiO,) surfaces. This process
exploits the well-established affinity of the phosphonic acid functional
group for metal and metal oxide surfaces [40-46]. Indeed, phosphonate
head group containing molecules are used as components in commer-
cially used corrosion inhibitors for stainless steel surfaces [47,48];
however these molecules fulfill other functions such as transporting
sacrificial agents to the stainless steel surface and typically do not form
well-ordered and durable monolayers on the stainless steel surface due
to which the concentration of inhibitors on the stainless steel surface
typically need to be periodically replenished. Nanostructured metal
oxides, such as TiO, nanotubes, are superior to bare metal surfaces in
that they minimize the contact area, and as a result, achieve a higher
SCA [26,49,50]. The nanotubes exhibit a low contact area fraction
parameter and contain pockets of trapped air within the nanotubes. The
solution deposition of d-TNTs on the stainless steel surface also creates
micro-scale voids in between the nanotubes. The combination of d-
TNTs and ODPA SAMs, according to Cassie-Baxter model [51], is ex-
pected to render the stainless steel surface superhydrophobic, as illu-
strated in Fig. 1 (4).

The Raman spectrum (Fig. 2) of d-TNT coated stainless steel sur-
faces confirmed the crystalline anatase phase of the d-TNTs along with
the possible presence of a small amount of the brookite phase [52,53].
Annealing the nanotubes prior to their delamination from the Ti foil
substrate also ensured stoichiometric d-TNTs with undesirable im-
purities such as fluoride species greatly reduced (please note that
fluoride species were considered undesirable because of our desire to
maximize the strong and stable P-O-Ti bonds that form [54], although
to the best of our knowledge the effect of fluoride species on SAMs
formation on TiO, is yet to be studied). Fig. 3 shows the dramatic
change in visual appearance of the stainless steel substrate after coating
with d-TNTs. In Fig. 3a, the initially dark stainless steel substrate on the
left turns completely white due to the d-TNT coating. The white ap-
pearance is a consequence of the broadband Mie scattering from the
assembly of discrete titania nanotubes. The open circuit potentials of
the electrodes were determined by Tafel analysis (Fig. 3b), and are the
potentials at zero current. The 0.25 V negative shift in the open circuit
potential for the stainless steel substrate following d-TNT coating and
subsequent ODPA functionalization demonstrates the passivation and
improved corrosion resistance of the stainless steel substrate [7].

The morphology of d-TNT incorporated stainless steel surfaces was
characterized by field emission scanning electron microscopy (FESEM).
As shown in Fig. 4(a), d-TNTs maintain the nanotubular morphology
after adherence onto the stainless steel surface. The inset is a higher
magnification FESEM image of d-TNTs incorporated on the stainless
steel surface depicting the dimensional details of individual d-TNTs.
Diameters of the nanotubes were 100-150 nm and tube lengths were
8-12 pm resulting in an aspect ratio of 50-120. The hollow cylindrical
structure of the nanotubes ensures the presence of sub-micrometer scale
voids while the tube-lengths and spacing between the nanotubes creates
micro-scale voids. Mie scattering is a phenomenon that requires the
presence of micrometer-scale features to resonantly scatter photons.
The broadband optical Mie scattering evident in Fig. 3a (right) provides
confirmation of micro-scale texturing of the stainless steel surface over
a large area.

In infrared reflection absorption spectroscopy (IRRAS) measure-
ment, two distinct peaks appeared at 2917 cm ™! and 2849 cm ™!, which
were attributed to CH, anti-symmetric and symmetric stretching
modes, respectively (Fig. 4c) [55]. The presence of the phosphonate
group was confirmed by two peaks, which are vp.o (~1050 cm ™) and
=0 (~ 1150cm™ 1) (Fig. 4d). Additionally, these findings showed no
sign of vp.o.y = 920 cm ! (Fig. 4d), indicating a bidentate coordination
mode of the phosphonate to the surface [10]. According to the litera-
ture, the position of the CH, anti-symmetric peak is a measure of the
organization of the monolayer on the surface. If the CH, anti-symmetric
peak appears below 2920 cm ~' the monolayer may be considered as a
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(4)

In contact with water droplet
(Superhydrophobic)

Fig. 1. Stepwise schematic representation of passivation of the stainless steel surface (2-3) and illustration of the expected superhydrophobic behavior of passivated

stainless steel surfaces (4).
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Fig. 2. Raman spectrum of TiO, nanotubes, excited by a 532 nm laser.

well-ordered monolayer (qualitatively) on the surface [56]. Therefore,
the IR peak position of 2917 cm ™! for CH, anti-symmetric stretching
(Fig. 4c) demonstrates the formation of a well-ordered monolayer of
ODPA on the d-TNT coated stainless steel surface.

Quantification of the surface coverage of the ODPA SAMs over d-
TNTs was performed using electrochemical impedance spectroscopy
(EIS). Fig. 4b shows the Nyquist plots for the stainless steel surface
under various conditions. The total impedance of the system, as illu-
strated by the equivalent circuit (Fig. 5), was fitted to experimental data
to extract the circuit parameters. Fig. 5a is the equivalent circuit for
bare stainless steel and stainless steel with the ODPA SAM, and Fig. 5b
is the equivalent circuit for stainless steel with d-TNTs and stainless
steel with d-TNTs as well as ODPA SAM. R; is the electrolyte resistance,
Cp is the electrochemical double layer capacitance, R. is the charge
transfer resistance, Q is a constant phase element associated with the
system, and n is the exponent of the constant phase element. These
equivalent circuit parameters are tabulated in Table 1. Surface coverage
(0) was calculated using Eq. (1) [57]. The obtained value of 8 was 75%
for stainless steel with d-TNTs and ODPA SAM, whereas the same for
stainless steel with ML was 99%.

R, (without ML)
R (with ML)

=1
@

Nyquist plots (Fig. 4b) were obtained from electrochemical im-
pedance spectroscopy (EIS), and show different characteristics for bare
stainless steel, stainless steel with d-TNT, stainless steel with d-TNT and

-4
" (b)
5
i 6 1 —steel+d-TNTs
=
s ——bare steel
| =
3 8 1 ——steel+d-TNTs +
¥ ODPA SAM
- — steel + ODPA SAM
-10 T T T T T T

-1 -0.8 -0.6 -0.4 -0.2 0

Potential / V w.r.t. Ag/AgCl

0.2 0.4

Fig. 3. (a) Photographs of the stainless steel substrate before (left) and after
(right) coating with d-TNTs and (b) Tafel plots for bare stainless steel (blue),
stainless steel with ODPA SAM (red), stainless steel with d-TNTs (green) and
stainless steel with d-TNTs and ODPA SAM (black). (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

ODPA SAM, and stainless steel with ODPA SAM. Stainless steel with the
ODPA SAM exhibits the largest impedance in absolute value and the
bare stainless steel exhibits the smallest impedance. The plot for
stainless steel with d-TNT is similar to the stainless steel with ODPA
SAM except that the capacitive impedance (with contributions from Cp,
and Q) is more pronounced in d-TNT without ODPA SAM. The values of
capacitances and resistances, obtained by fitting the experimental Ny-
quist plots with transfer function of total impedances show that the
charge transfer resistances, R, of stainless steel with TNTs as well as
ODPA SAMs is 200 ohms and the stainless steel/d-TNTs without ODPA
SAM is 50ohms. Similarly, R. of stainless steel with ODPA is
20,000 ohms as compared to 75 ohms for bare stainless steel. Surface
coverage of the ODPA SAM, was quantified by using the charge transfer
resistances, and is 75% for stainless steel with d-TNTs and ODPA SAM,
and 99% for stainless steel with ODPA SAM (and without d-TNTs). It is
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Fig. 4. (a) FESEM images of the discrete TiO, nanotubes on the stainless steel surface; (b) EIS Nyquist plots for bare stainless steel, stainless steel with ODPA SAM,
stainless steel with d-TNTs and stainless steel with d-TNTs and ODPA SAM; IR spectra of C-H stretching and P-O stretching regions of ODPA monolayer are shown in

(c) and (d), respectively.

(&)

R

(a)

Fig. 5. Equivalent circuit representing bare stainless steel and stainless steel
with SAM (a), and the same for stainless steel with d-TNT as well as stainless
steel with d-TNT and SAM (b).

noteworthy that 75% surface coverage led to an impressive SCA. Con-
sidering that various factors, including nanotube aspect ratio and SAM
formation process, can affect the extent and quality of surface coverage,
there is room for optimization of the ODPA SAM monolayer in order to
further improve performance of the coating.

After formation of the ODPA SAMs, we systematically investigated

the SCA of bare stainless steel, stainless steel coated with the ODPA
SAM, stainless steel coated with d-TNTs, and stainless steel coated with
d-TNTs as well as the ODPA SAM. We performed the SCA measurements
by dropping 4 pL of water onto the stainless steel surface. The SCA for
O, plasma treated stainless steel surface was ca. 20° (Fig. 3a) which
indicates it to be strongly hydrophilic. The ODPA coated stainless steel
surface exhibited a contact angle of 111 =+ 2° (Fig. 6b) and this value is
in good agreement with literature [10]. The d-TNT coated stainless steel
exhibited a SCA value of 39 + 2° (Fig. 6¢). However, the stainless steel
surface with d-TNTs and ODPA SAMs had a remarkably improved SCA
of 166 + 8° (Fig. 6d), which was our expectation as illustrated in
Fig. 1. We demonstrate that O, plasma cleaned stainless steel, ex-
hibiting consistent superhydrophilicity, becomes superhydrophobic
after our d-TNT and ODPA SAM treatment. The resilience of stainless
steel surfaces passivated by d-TNTs and ODPA SAMs to turbulent
aqueous media is qualitatively demonstrated under water stream flow

Table 1
EIS generated values of circuit elements of bare stainless steel, stainless steel with ODPA SAM, stainless steel with d-TNTs, and stainless steel with d-TNTs and ODPA
SAM.
R, (ohms) Cp (F) R, (ohms) Q (Ss" n
Bare stainless steel (O, plasma treated) 75 1.00 x 1077 75 1.12 x 107° 0.925
Stainless steel + ODPA SAM 75 1.15 x 107> 20,000 4.00 x 10™° 0.690
Stainless steel + d-TNTs 75 3.00 x 1077 50 6.00 x 107 0.800
Stainless steel + d-TNTs + ODPA SAM 75 7.00 x 10~° 200 7.00 x 10~° 0.760
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Fig. 6. Static contact angle values for (a) O, plasma cleaned stainless steel surface (b) ODPA coated stainless steel surface (c) d-TNT passivated stainless steel surface
and (d) ODPA coated d-TNTs on stainless steel surface (e) Photograph of water jet impacting the stainless steel surface coated with d-TNTs and the ODPA SAM.

from a wash bottle (Fig. 6e). We continued the water stream impact
process for several minutes and observed that the water rebounds up
and around upon contacting the surface with no changes occurring over
a 10 min span.

Wear resistance was evaluated by the sand abrasion method
[58,59], measuring the SCA of samples as it changed with increasing
amounts of abrasion, as shown in Fig. 7a. For this testing, stainless steel
coated with d-TNAs using PFDPA SAMs were used. PFDPA-based
samples achieved lower contact angles than their ODPA counterparts
(as evidenced by Fig. 7a at 0 cm abrasion length), but nevertheless
generated superhydrophobic surfaces. More importantly, the PFDPA d-
TNT coatings appeared to exhibit identical mechanical properties as
ODPA d-TNT coatings during handling. Looking again at Fig. 7a, the
results suggest a decrease in SCA as the amount of abrasion increased;
however, the much larger spread in contact angles between locations on
the sample (reflected in the figure as the larger standard deviation) is
also interesting. The SCA values of the sample before abrasion testing
(shown as 0 cm in the figure) were so close in value that the error bars
in the figure cannot be seen at the scale shown; that they proceeded to
increase suggests that the wear resistance of the coating across the
sample may not be uniform. One further caveat must be mentioned: we
noticed that approximately 10% of the coating was removed entirely by
the abrasion testing at the 15cm abrasion length mark. The SCA of

160

these spots was measured to be 127 + 1°, but did not include this in
the spots evaluated as part of Fig. 7a, as they were so heterogeneously
different. We also evaluated the adhesion of ODPA coated d-TNT
coatings using a tape test method. As mentioned earlier, the test largely
followed the ASTM D3359 — 17 with a modification. After removal of
the tape, we did not notice flaking or chipping as is described in the
standard, but instead noticed the color of the sample shift from the stark
white associated with a thick, more continuous coating to a whitish-
grey associated with a thinner, less continuous one. Thus, FESEM
images were acquired before and after removal of the tape, as shown in
Fig. 7b and c. Clearly, significant amounts of the coating were removed
by the tape test and analysis of these FESEM images suggests a 80% loss
of the coating. It can be surmised that there is room for improvement in
the adhesion of the d-TNT to the substrate.

4. Conclusion

A new strategy is demonstrated to completely render a stainless
steel surface superhydrophobic via solution processing methods, a
method to increase the corrosion resistance of a superhydrophobic
stainless steel surface. Hallmarks of the method are process simplicity,
scalability, and cost effectiveness. This robust and wear resistant su-
perhydrophobic coating on stainless steel surfaces uses anodically
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Fig. 7. (a) Static contact angle measurements of a PFDPA coated d-TNTs on stainless steel with corresponding abrasion length over sandpaper. FESEM images before
and after a tape adhesion test of ODPA coated d-TNT coatings on stainless steel are shown in (b) and (c) respectively.
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formed discrete TiO, nanotubes and ODPA SAMs. The industrial sig-
nificance of this method is emphasized by the fact that a contact angle
of 166 = 8° was obtained for stainless steel surfaces passivated by d-
TNTs and ODPA SAM, implying highly water repellent behavior and
corrosion resistance. This coating may be able to be extended to other
substrates although we make a final note that initial trials depositing
our d-TNTs on glass and polystyrene resulted in the formation of island
spots rather than full coverage. The extension of the d-TNT/SAMs
coatings to other substrates, as well as improving the mechanical
properties of the coatings in general comprise potential topics for future
work.
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