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Abstract: A protective CoAl-layered double hydroxide (LDH) thin film was developed directly on the
aluminum substrate. Further, the low-surface-energy molecules (1H, 1H, 2H, 2H perfluorododecyl
trichlorosilane) were incorporated inside the LDH network through an anion exchange mechanism to
obtain a superhydrophobic CoAl-LDH surface. The developed films were characterized by scanning
electron microscopy (SEM-EDS), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy
(FT-IR), and additional contact angle measurements were made to evaluate the superhydrophobicity
of modified CoAl-LDHs against different solutions. The water contact angle (WCA) of the modified
CoAIl-LDH surface was observed to be about 153° and remained sufficiently stable after long-term
immersion in NaCl solution. The effect of excessive ultrasonication on film structural variations and
superhydrophobicity was also analyzed for outdoor applications. The high charge transfer resistance
observed from the analysis of long-term electrochemical impedance spectroscopy (EIS) indicates the
significant corrosion-resistance properties of the developed CoAl-LDHs. This research on protective
CoAIl-LDHs will bring insights into the understanding of new aspects of surface protection and
implementation in many engineering applications.
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1. Introduction

Layered double hydroxides (LDHs), a fascinating two-dimensional material system,
have gained an attractive class of anionic clays where diverse functional properties, i.e.,
wide anion exchangeability, environmental suitability, adsorption capacity, wide compo-
sitional variations, controllable bandgap energy, photocatalysis, and electrical properties,
are highly discussed [1-4]. These make LDHs an attractive choice to investigate in vari-
ous fields, such as adsorption [5], drug delivery [6], catalysis [7], supercapacitors [8], and
photocatalytic environmental science [9]. In coating engineering, layered double hydroxide-
based systems are considered a smart solution to develop a multifunctional protective
coating system for light metallic alloys [10-15]. The main constituents of LDHs are metal
cations layers (divalent source, i.e., Mg2+, Zn?*, Ca?*, and Ni%*, etc., and trivalent source,
ie., Fe3*, AI>*, Cr®*, etc.) in the stacking layers and intercalated anionic species.

Superhydrophobic LDH surfaces have gained a great deal of attention, where a range
of unique interests have been developed in oil-water separation [16], self-cleaning [11],
anti-icing [17], water repellency [18], and anti-corrosion properties [19-22]. The concept
of self-cleaning corrosion-resistant coatings can be divided into two categories: (a) su-
perhydrophobic surfaces and (b) photocatalytic materials. The former coatings clean
themselves by rolling water droplets that carry away dirt contaminations, and the latter
coating approach chemically breaks down the absorbed dirt particles in the sunlight and
results in a clean surface [23]. The superhydrophobic self-cleaning characteristics and
improved corrosion-resistance properties of LDHs on aluminum surfaces are already well
reported by various research groups [11,19,24,25]. However, the protective performance of
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photocatalytic LDH materials has not yet been investigated to the best of our knowledge.
Cobalt-based LDH materials exhibit unique optical properties, showing discrete absorption
lines in the visible spectral range and have been investigated as photocatalyst materials for
Fenton reactions [26,27] and in the photodecomposition of complex organic molecules such
as methyl orange [28], nitrobenzene [29], thodamine B, and acid red G [30]. Therefore, it is
of considerable interest to learn how to control the preparation of cobalt-based layered dou-
ble hydroxide directly on the metallic surface, where the conductive surface may facilitate
the efficient transportation of photogenerated charges. In order to use CoAl-LDH-based
anti-corrosion materials, it is necessary to discover the approach for easy synthesis directly
on the substrate, and understand the corrosion-resistance properties, anion-exchange prop-
erties, and self-cleaning characteristics. To the authors” knowledge, no brief reports are
available on the synthesis of CoAl-LDHs on a metallic surface or fundamental corrosion-
resistance properties. The idea of the present study is to develop cobalt-based layered
double hydroxide directly on an aluminum substrate to understand its long-term corrosion-
resistance properties and subsequently modify it with perfluorododecyl trichlorosilane to
develop superhydrophobic CoAl-LDHs to achieve long-term stability and self-cleaning
characteristics. Additional chemical and mechanical stabilities are also evaluated.

2. Materials and Synthesis
2.1. Pretreatment

The AA6082 substrate constituted 0.70-1.30% silicon, 0.40-1.00% manganese, 0.60-1.20%
magnesium, 0.50% iron, 0.10% copper, and a balanced percentage of aluminum. The substrate,
with a 3.14 cm? surface area, was injtially ground with 400, 1200, 2400, and 4000 SiC grit-size
papers, and was rinsed with distilled water. The specimens were ultrasonically cleaned with
ethanol for 10 min and were etched with 0.1 M aqueous NaOH solution for 1 min.

2.2. Synthesis of CoAl-LDHs

To develop CoAl-LDHs, initially, 0.02 M Co (NOj3),-6H,O (>99%, Sigma Aldrich,
St. Louis, MI, USA) solution was prepared at a pH of 6 by the drop-wise addition of 1 M
NaOH solution and transferred to a 1000 mL Teflon-lined autoclave. The solution was
purged with nitrogen gas for 10 min to remove the absorbed gases. The pretreated AA6082
(3.14 cm? surface area) was placed in the above solution (800 mL) and the autoclave was
placed at 120 °C for 24 h in an oven. The obtained CoAl-LDHs were washed with distilled
water and dried at room temperature. To develop superhydrophobic CoAl-LDH, the
CoAI-LDH specimen was immersed in 1H, 1H, 2H, 2H perfluorododecyl trichlorosilane
solution/CF3(CF;)gCH,CH,SiCl3 (>97%, Sigma Aldrich) for 2 h at 40 °C. The PFDTS
solution was prepared by adding 0.1 g PFDTS to 200 mL ethanol [11]. The obtained
specimen is referred to as CoAl-LDHs-S for simplicity. Figure 1 shows the optical images
of the developed CoAl-LDH specimens. It is reported that the surface colors of the CoAl-
LDHs were distinct due to the complex cobalt chemistry and based on the specific oxidation
state of cobalt ions, where the Co/ Al ratio made an influential impact on the appearance
of a specific color, i.e., blue, pink, greyish brown, and yellowish brown. The obtained
yellowish-brown color in this work (Figure 1) is in good accordance with the reported
study, where the oxidative reaction of Co(OH), resulted in the cobalt oxide/hydroxide
compound (CoO(OH)) (Equation (1)) with a hexagonal layered structure and resulted in a
yellowish-brown color at a molar ratio of Co/Al =5 [31,32].

4[Co(OH),] + O, = 4[CoO(OH)] + 2H,O 1)
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Figure 1. Optical images of as-prepared (a) CoAl-LDHs and (b) CoAl-LDHs-S.

3. Characterization

The surface morphology and the elemental composition of the developed LDH speci-
mens were studied by scanning electron microscopy/JEOL-JSMIT300 equipped with an
EDS detector. X-ray diffraction (X'Pert High Score diffractometer, Rigaku, Tokyo, Japan
/30 kV, 10 mA, and Cu K« radiation) was used to analyze the crystalline structure. Attenu-
ated total reflection Fourier transform infrared spectroscopy (Varian 4100 FTIR Excalibur
Series instrument (Varian, Santa Clara, CA, USA), spectra were obtained in the range of
525-4000 cm ™! at a resolution of 4 cm~!. The static contact angle (CA) measurements were
made by acquiring the picture of liquid drops on the surface. The mechanical stability
of the superhydrophobicity was estimated under ultrasonication (100 W, 99% amplitude)
for 30 min and CAs were recorded after ultrasonication. The electrochemical impedance
spectroscopy (EIS) measurement was taken by using Princeton Applied Research “Parstat
2273”7, (Ametek, Berwyn, PA, USA) Potentiostat/Galvanostat/FRA equipment with an
Ag/AgCl (3.5 M KCl, +0.205 V vs. SHE) reference electrode and platinum as a counter
electrode. The impedance measurements were taken with an amplitude of 10 mV at a
frequency range of 0.01 Hz to 100 kHz.

4. Experimental Results

The SEM images of developed CoAl-LDH thin films are shown in Figure 2, where a
nest-like LDH microstructure uniformly grew perpendicular on the aluminum substrate.
After modification with PFDTS, the platelet morphology of CoAl-LDHs became more
compact and transformed into a packed flower-like structure possibly due to the induced
stress of PFDTS in the LDH network, which could then be relaxed by the formation of a
disordered packed surface. The platelet structure in the case of CoAl-LDHs-S remained
unchanged except that the thickness was found to increase after modification. The EDS
results (Figure 3) show that CoAl-LDHs were mainly composed of Co, Al, oxygen, and
nitrogen. After treatment with the PFDTS solution, the content of cobalt and oxygen
was reduced in CoAl-LDHs, and the contents of fluorides, chlorides, and carbon were
introduced in the CoAl-LDH composition. The Co element after modification reduced from
25.61% to 14.97% along with the further appearance of fluoride (23.9%), chloride (2.7%),
and carbon (23.2%) contents, indicating that PFDTS was successfully adsorbed /bonded
with the CoAl-LDHs. The atomic ratio of Co/Al was 4.57 in the case of CoAl-LDHs, which
changed to 3.55 for CoAl-LDHs-S. These results support the explanation of morphology
variations after modification of CoAl-LDHs with PFDTS. The thickness of the CoAl-LDH
film was approximately 9.4 + 0.8 um, which after modification increased a bit, with an
average value of 10.5 + 0.7 pm.
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Figure 3. EDS analysis and corresponding elemental compositions: (a) CoAl-LDHs and (b) CoAl-LDHs-S.
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XRD patterns (Figure 4) of CoAl-LDHs showed distinct peaks of LDHs at 11°, 23°, 35°,
61°, and 63°, which corresponds to 003, 006, 012, 110, and 113 diffraction planes, indicating
the typical LDH structures. The calculated basal spacing (0.80 nm) of CoAl-LDHs at
position 003 by using brag law confirmed the presence of nitrates inside the LDHs. The
diffraction line positions of CoAl-LDHs-S remained almost the same as those of CoAl-
LDHs; however, a slight shift of the 003 diffraction line towards the left side was observed,
which indicates the possible intercalation of PFDTS in CoAl-LDHs. The diffraction line
appeared at around 20° and 37° of developed CoAl-LDHs, belonging to the reflection
lines of the CoO(OH), whereas Co(OH); was confirmed by the 32° diffraction line position.
PFDTS was hydrolyzed in absolute ethanol to obtain CF3(CF;)9CH,;CH,5i(O™ )3 groups,
which were incorporated in CoAl-LDHs. When PFDTS was added to ethanol, a hydrolysis
reaction of PFDTS occurred. Si-OH groups could be obtained due to the hydrolysis of
the three Si-Cl groups of PFDTS [33]. Thus, it could induce hydrogen bond formation
between Si-OH groups and -OH groups of LDH. Meanwhile, their d values were higher
than those of unmodified Co/Al LDH. This may have been due to the anion exchange
reaction between PFDTS and LDH, which led to the increase in the interlayer distance and
indicated the functionalization of CoAl-LDHs by long-chain PFDTS.

+ LDHs
. ) e CoOOH
9; 4 Co(OH),

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
20 (°)

Figure 4. The XRD spectra of developed CoAl-LDH films: (a) AA6082, (b) CoAl-LDHs, (c) modi-
fied CoAl-LDHs.

The ATR-FTIR spectra of CoAl-LDHs (coating scraped from the surface) demonstrated
the traditional absorption peaks of LDH-based systems (Figure 5), where the H-O-H
stretching vibration of water molecules was found to be in the range of 3000 to 3600 cm ™!,
whereas the peak at 1627 to 1633 cm ™! corresponded to the bending vibration of interlayer
water molecules [34]. In addition, the peak observed at 1380 cm~! was assigned to the
asymmetric stretching bond of intercalated NOs ™~ [35]. Furthermore, Al-OH structuring
was confirmed by the peaks at 749 and 1202 cm™~! [36] and metal-oxygen bonds by the

absorption peak of 552 cm ™! [37].
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Figure 5. ATR-FTIR analysis of CoAl-LDHs.

To understand the self-cleaning characteristics of superhydrophobic CoAl-LDHs
against the variety of common household items, contact angle measurements were ana-
lyzed. The optical images of the droplets are shown in Figure 6. It can be seen that water,
NaOH, NaCl, coffee, and graphite solution droplets stood almost spherical on the CoAl-
LDHs-S surface. However, acid droplets spread with a comparatively lesser contact angle
on the surface. The dense Si-O-5i network within modified CoAl-LDHs coating played a
good synergistic effect to improve the compactness and hydrophobicity. The hydrophobic
coatings with fluoroalkane groups on the LDH micro-scale hierarchical structure were
beneficial to create superhydrophobicity and improved barrier properties [38].

Mechanical stability is another parameter that needs to be evaluated for outdoor
applications since physical damage is inevitable, and it is necessary to investigate the
effect of surface distortions on surface wettability and structural stability. Therefore, the
mechanical durability was taken into consideration by the ultrasonic treatment of CoAl-
LDHs-S for 30 min, and the superhydrophobicity after structural distortions was analyzed.
The SEM images of the samples after ultrasonication are shown in Figure 7. It is clear that
the LDH structure after the ultrasonication process remained intact, and except for a few
LDH curvy plate distortions, no other dominant defects were observed. However, CoAl-
LDHs-S morphology showed more intactness than CoAl-LDHs. Figure 8 demonstrates
the optical images of liquid drops of water, 1 M NaOH, and 0.1 M NaCl solution on CoAl-
LDHs-S. It was found that the contact angles of the liquid drop were 147.2°, 144.3°, and
141.3° for water, 1 M NaOH, and 0.1 M NaCl solution, respectively. The observed contact
angles indicated a slight recession of the superhydrophobicity; however, this suggests the
film’s stability and sustainability of superhydrophobicity after abrasive damage.

The EIS spectra measured in 0.1 M NaCl solution after 30 min are represented in Figure 9.
The impedance modulus at low frequency (0.01 Hz, 1Z 1) is a rough estimation of the
overall corrosion resistance properties of the developed CoAl-LDHs specimens. CoAl-
LDHs-S showed |Z1(; values around more than one order of magnitude higher than
the CoAl-LDH, and about four orders of magnitude higher than the bare AA6082 sub-
strate. At 1 Z 1,01, CoAl-LDHs and CoAl-LDHs-S demonstrated around a 107 Q-cm? and
10%° O-cm? impedance modulus (1Z 1 1), respectively, which is significantly higher than
the aluminum substrate (10° Q)-cm?), as shown in Figure 91. The CoAl-LDHs-S depicted
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higher impedance values in the middle-high frequency range as well, suggesting better
resistance of the upper layer and a reduced corrosion rate. CoAl-LDHs showed signifi-
cant corrosion-resistance properties, better active and passive corrosion protection, and
long-term stability against corrosive species. The considerable corrosion resistance of
cobalt-based LDHs can be explained by the following: (i) the barrier effect of the com-
pact LDH layer, and (ii) the ion-exchange mechanism of CoAl-LDHs, which held the
corrosive species inside the interlayers of LDHs and did not allow them to contact the
underlying aluminum substrate. The modification of CoAl-LDHs with PFDTS was found
to additionally increase the low-frequency modulus considerably. EIS phase angle plots
(Figure 91I) of the CoAl-LDH-based system showed mainly two time constants, one in a
medium-frequency range that corresponds to the inner barrier layer, and another at a high—
medium-frequency range that corresponds to the outer porous layer. The CoAl-LDHs-S in
that sense showed a superior inner barrier layer than the CoAl-LDHs, which explains the
concept of superhydrophobicity and improved corrosion-resistance properties well. Con-
sidering the high-frequency range of the phase angle diagram (Figure 91I), CoAl-LDHs-S
showed around a 15° larger phase angle than CoAl-LDH, and a phase angle around 65°
higher than that of the aluminum substrate, which demonstrates the superior anticorrosion
characteristics of CoAl-LDH-based systems.

Figure 6. Digital photos of different liquid droplets on the CoAl-LDHs-S surface: (a) water (b) graphite
solution, (c¢) 1 M NaOH, (d) coffee, (e) 0.1 M NaCl, (f) acidic solution (pH ~ 3).

To understand the long-term stability, the impedance modulus of both developed
CoAl-LDHs systems were evaluated from 24 h to 720 h in 0.1 M NaCl solution (Figure 10).
It was observed that the | Z1; value of CoAl-LDH-S was reduced from 108 to about
1071 O)-cm? after 720 h, and in the case of CoAl-LDH, it was reduced from 1072 to about
10° O-cm?2. However, the decline rate for both cases almost remained the same, wherein in
both cases a | Z1(o; decrease of an order of around 102 was found to occur. This defined
the performance of the CoAl-LDHs network and verified the concept of the utilization
of CoAl-LDHs as another class of anti-corrosion LDH system. The findings describe the
higher stability of CoAl-LDHs-S, where superhydrophobicity induces additional corrosion-
resistance properties. The strong passive and active protection were found to develop the
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compactness and integrity of LDHs, which is significant for delaying the corrosion process
and is a powerful approach to enhancing anti-corrosion behavior [39]. Figure 11 shows
the declining rate of log | Z 1 5 o1 Q-cm? from 1 to 720 h, where the CoAl-LDHs and CoAl-
LDHs-S showed almost the same declining rate, as explained above and demonstrating
the significant corrosion resistance of LDHs. The declining impedance modulus rate of as-
prepared CoAl-LDHs was much slower after a long immersion time than the other reported
LDH systems, i.e., MgAl-LDHs, CeMgAl-LDHs, LiAl-LDHs, and NiAl-LDHs [40-43].

Figure 7. SEM images after ultrasonication: (a) CoAl-LDHs, (b) CoAl-LDHs-S.

Figure 8. Optical images of liquid droplets on the surface of CoAl-LDHs-S after ultrasonication treatment: (a) water,
(b) 0.1 M NaCl, and (c) 1 M NaOH.

Due to higher surface roughness, the CoAl-LDHs-S formed a possible air film on
the surface, which acted an additional barrier layer for the LDH thin film in contact the
corrosive solution [19]. For practical applications, long-term superhydrophobicity plays an
important role, so the change of water contact angle measurements was monitored while
in continuous contact with 0.1 M NaCl solution from 1 h to 720 h, as shown in Figure 12.
The average contact angle decreased from 153° to 142° after immersion in 0.1 M NaCl
solution in a time frame of 24 h to 720 h (Figure 12a,b). The declining rate of 11° after 720 h
immersion confirms the long-term stability of the superhydrophobic surface against the
corrosive solution. The CoAl-LDHs-S in that sense consisted of four parts: (a) air film,
(b) LDH layers, (c) intercalated nitrates/PFDTS species, and (d) LDH/substrate interface.
The air film, dense LDH/substrate interface, and LDH layers between them constituted
all of the protective layers, all of which contributed to impeding the invasion of water
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molecules and chlorides. In summary, it can be concluded that the CoAl-LDHs-S can
provide efficient protection for the aluminum substrate, and CoAl-LDHs also showed
significant corrosion protection after 720 h of analysis.
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(e) 72 h, and (f) 24 h.

The EIS results were also good following the visual observation of the immersed
samples, as shown in Figure 13. The optical photos were taken after the 720 h EIS measure-
ments in 0.1 M NaCl solution. The bare aluminum sample was found to corrode badly
with a thick layer of corrosion products, whereas the CoAl LDH and CoAl-LDHs-S films
almost sustained the original structure and no clear corrosion products were observed. The
formation of insulative air film and the presence of long-chain PFDTS inside LDHs network
prevented electron transfer and the attack of chlorides and water molecules at the substrate.
The stability of contact angle measurements of CoAl-LDHs-S after long-term immersion in
NaCl solution was also in good agreement with the optical photos of LDHs (Figure 13),
where comparatively no sign of corrosion products or pitting was observed. The aluminum
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corrosion was retarded by the formation of LDHs, whereas the sample of CoAl-LDHs-S
presented a more significant | Z 1o value compared to CoAl-LDHs, which exhibited active
anticorrosion performance of CoAl-LDHs-S. The CoAl-LDHs-S characteristics make an
attractive option for anticorrosion thin films; however the photocatalytic properties for the
destruction of organic specks of dirt also need to be address.
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Figure 13. The specimen surfaces after 720 h EIS analysis: (a) aluminum AA6082, (b) CoAl-LDHs, and (c) CoAl-LDHs-S.

5. Conclusions

CoAI-LDHs thin films were successfully developed on an aluminum AA6082 surface
and were further utilized to design superhydrophobic nanocomposite thin film by em-
bedding PFDTS inside an LDH structure. Based on the impedance modulus, CoAl-LDHs
and CoAl-LDHs-S coatings showed almost the same reduction rate of | Z1(g1; however,
overall, CoAl-LDHs-S showed superior corrosion-resistance properties. The CoAl-LDHs-S
showed an average WCA of 153° and remained stable upon long-term contact with NaCl
solution, as well as after vigorous ultrasonication. The superhydrophobic surface also
showed sufficient contact angles against the common household solution, suggesting the
robustness of the CoAl-LDHs-S surface against chemical damage. The developed coatings
demonstrated significant corrosion protection and can open windows for new applications.
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