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ABSTRACT: Micro- and nanostructures of Ti-yCu (y = 0, 30, 50, 70, and
100 wt %) intermetallic alloys were produced through a single anodization
step. It was found that the original alloy composition influences the final
oxide morphology obtained after anodization which presented formation
of a microstructure with nanotubes, nanoparticles or nanopillars on the
surface. Pure Tiand Cu oxide metals and their alloys presented hydrophilic
or superhydrophilic properties immediately after anodization. When the
anodized pure metal and/or Ti-yCu surfaces were functionalized with
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trimethoxypropylsilane (TPMSi), by dipping and coating with a thin perfluorinated layer, the treated substrates became in all cases
superhydrophobic (water contact angles in the range of 152—166°), showing excellent self-cleaning properties with hysteresis below
3°. These results can be explained by a combination of nanomicro morphologies with low surface energy compounds in the topmost
monolayers. The decrease in hysteresis was associated with a higher M—OH bond concentration on the anodized surfaces, which
allowed for more complete TMPSi coating coverage. This study also indicates that easy and effective fabrication of super-
hydrophobic surfaces in pure metals and alloys is possible without involving traditional multistep processes.

B INTRODUCTION

The development of techniques for processing materials has
progressed through many significant advances in recent years.
Since the 1990s, microfabrication processes have been estab-
lished with regard to optimization of systems, mainly in micro-
electronics.' > Today, a trend shift can be identified toward the
development of processes that enable the manufacture of devices
that combine micro- and nanostructures in the same device.
Current techniques for processing structured surface materials
are mainly based on electrospray,” ion beam,’”® lithography,"'°
atomic force microscopy (AFM)'' or by directly reducing the
probe-specimen interaction area, as, in scanning tunneling
microscopy (STM).'">"® The use of light, as compared to
matter-particle beams or tips,"* '® can be extremely accurate.
These methods are normally expensive and not industrially applic-
able for devices with large areas. Another limitation of these
processes is that they do not favor manufacture, in a single step, of
micro- and nanostructured devices.

On the other hand, the anodization process enables the
fabrication of nanostructured surface materials over large areas
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and at relatively low operating costs. Numerous studies have
revealed the basis for fabrication of alumina nanopores and
nanotubes from the anodization of aluminum (Al)."”~** Because
of the need for materials with specific characteristics, several
studies have been reported using anodization of different
metals* >' and intermetallic alloys.*> > In particular, recent
interest in the preparation of surfaces with “water repelling”
properties has emerged. Advances in techniques and processes to
control surface morphology have allowed the fabrication of
structures with high hydrophobicity. In this application, the
presence of micro- and nanostructure combined with a top layer
of a low surface free energy compound is crucial.*® Inspired by
superh};drophobic living organisms in nature, such as lotus
leaves®”® and water-strider legs,” artificial surfaces with super-
hydrophobic (water contact angle, WCA, > 150° and low angular
hysteresis) and superoleophobic*>*' properties are commonly
fabricated via two kinds of approaches: preparation of micro- and
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nanostructures* ** on hydrophobic substrates, or chemical
modification of a micro- and nanostructured surface with materi-
als of low surface free energy.**”*>*® Superhydrophilic and
superoleophilic surfaces have also been fabricated via increasing
both surface roughness and surface free energy. The mechanism
here is commonly referred to as a 2D*” or 3D* capillary effect.

In this study, we aimed to fabricate a micro and nanostructures
from Ti-yCu intermetallic alloys through a single anodization
process, and to investigate the influence of alloy composition on
final surface morphology, as well as its chemical functionaliza-
tion with regard to superhydrophobicity. It was found that the
composition of the alloy directly influences the final morphol-
ogy and structure obtained. Varying the alloy composition and
using only a single synthesis process, the formation of micro-
structures with nanotubes, nanoparticles or nanopillars were
observed on the surfaces. By chemical functionalization of the
resultant micro- and nanostructures, the surfaces acquired
superhydrophobic (WCA = 166° £ 2°) and self-cleaning
properties.

B EXPERIMENTAL SECTION

Ti-yCu Intermetallic Alloy Preparation. Ti-yCu intermetallic
alloys were prepared from pure Ti (99.6%) and Cu (99.5%) powders by
an arc-melting apparatus equipped with a vacuum system. The inter-
metallic compounds were prepared with different Ti and Cu percen-
tages: Ti-yCualloys (y =0, 30, 50, 70, 100 wt %). First, the samples were
ground with a series of SiC sandpapers and then polished with diamond
paste of 9, 3, and 0.25 um to obtain mirrorlike finish surfaces. Finally, all
samples were ultrasonicated in acetone, rinsed in deionized water (DI),
and dried in a N, stream.

Micro- and Nanostructure Formation. Micro and nanostruc-
tures were obtained by the anodization process using an electrochemical
cell that consisted of a conventional two-electrode configuration with
platinum gauze as the counter electrode and a metallic substrate as the
work electrode. Anodization was carried out at 20 V for 2 h in an
electrolyte composed of a mixture of ethylene glycol (ETG) + 10 wt %
H,O + 0.25 wt % NH,F. All the experiments were carried out at room
temperature. After anodization, the samples were rinsed and dried in N,
stream.

Chemical Functionalization. Anodized substrates were func-
tionalized in a first step with trimethoxypropylsilane (TMPSi) obtained
from Aldrich (97%). Silanes are normally stored in the nonhydrolyzed
state, and in most cases need to be hydrolyzed in dilute aqueous
solutions before application.*” Diluted TMPSi aqueous solutions were
prepared by adding the silane to a mixture of ethanol and DI water. The
solution was magnetically stirred for a few minutes and then aged in dark
conditions to ensure formation of a sufficient number of active Si—OH
groups. Complete hydrolysis was not necessary with the benefit that a
solid rather than an oily silane film was formed on metal substrates.*’
The treated and cleaned substrates were subsequently coated with
TMPSi using a custom-built dip coating machine, rinsed extensively
with DI water and finally baked in air atmosphere to increase the
condensation reaction rates. As a final step of the functionalization
process, the treated substrates were covered by a thin layer of polytetra-
fluoroethylene (PTFE) using the Physical Vapor Deposition (PVD)
method. PTFE was evaporated from a molybdenum boat by thermal
evaporation at a base working pressure of about 0.4 x 10> Pa. During
deposition, the substrate was held perpendicular and stationary above
the source.

Characterization. Morphological characterization of the anodized
samples (pure and alloys) was carried out by Scanning Electron
Microscopy (SEM, JEOL JSM 6060). An energy-dispersive spectroscopy
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Figure 1. Current density—time curves of pure metals and Ti-yCu
alloys recorded at 20 V for 120 min. Solution composition: ETG + 10 wt %
H,0 + 0.25 wt % NH,F.

(EDS) analyzer fitted to the SEM chamber was used for composition
analysis of samples. SEM and EDS techniques were operating at 20 kV
acceleration voltages. The crystalline structure of the Ti-yCu alloys was
determined by X-ray diffraction (XRD) analysis in a Philips X'pert MRD
diffractometer operating at 50 kV and 20 mA with Cu K« radiation (4 =
1.54178 A) in the range of 30° < 20 < 80°. X-ray photoelectron
spectroscopy (XPS) was performed in a conventional electron spectro-
meter (Omicron) equipped with a high-performance hemispherical
energy analyzer with a seven-channeltron detector and using Mg Ka
radiation as the excitation source. Survey spectra were recorded with
pass energy of 50 eV, whereas selected atomic signals were acquired with
10 eV of pass energy. In the spectra, the position of the C—C/C—H was
specified, and other peaks were fixed relative to this peak, set at 285.0 eV.
The C 1s envelope was analyzed and peak-fitted after subtraction of a
Shirley background using Gaussian—Lorenzian peak shapes obtained
from the CasaXPS software package.

Water contact angles (WCA) were measured using the sessile drop
method by deposition of 4—6 uL droplets of DI water on a horizontal
surface, and under their observation in cross-section. Each drop was
observed directly with an Olympus BX-41 microscope objective lens,
whereas its image was digitally captured using a 1.4 mega pixel
computer-controlled digital CCD camera. The values reported are
averages of more than twenty measurements performed in different
areas of each sample surface. The sliding angle measurements were
performed using a mechanical level goniometer. Advancing and receding
contact angles were measured on both sides of the drop and on at least
three different locations for each sample.

Cu(II) complex concentration in water solutions was measured by a
UV-1601PC-VIS spectrophotometer (Shimadzu Co. Japan).

Bl RESULTS AND DISCUSSION

Anodization of Ti-yCu Alloys. Figure 1 shows typical current—
time curves of Ti-yCu alloy anodization, recorded at 20 V for
120 min. The sample of pure Ti shows current density
stabilization at 1.5 mA cm ™2, whereas increasing concentration
of Cu implies an upward fluctuation in current density. This
fluctuation probably occurs because of the increase in solubility of
the alloy, which is greater than that of the Ti metal, in the
anodization solution. The significant increase in current density
can cause breakdown®*?* of the anodized layer or formation of
microscopic defects due to localized heating. Rupture of the
anodized films was not observed under the experimental condi-
tions studied here. Pure Cu samples showed significant variations
in current density at the beginning of anodization. However, after
about 40 min of anodization, the current density decreased,
showing a different behavior when compared with pure Ti and
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Figure 2. Large-scale SEM backscattering images of the surface samples
before anodization: (a) Ti;oCusp, (b) TisoCusg, and (c) TizoCuy; and
after anodization: (d) Ti;oCusp, (&) TisoCuse, and (f) TizoCuyo.

Table 1. Results of EDS Composition of Intermetallic Alloys
Analyzing the Light and Dark Regions and the Average Total
Composition of the Alloys

alloy composition (wt %)

sample dark gray bright gray total
TizoCuzo Ti34Cuss Tiy3Cug; TizoCuyzo
TisoCu 50 TisoCuyy Tiz;Cugs TisoCuso
Ti70Cuso TigsCuye TiseCuyy Ti70Cuszo

Ti-yCu alloys. The formation of a homogeneous layer of copper
oxide on the surface of the pure Cu sample may explain these
results.

Microstructure Formation. Figure 2a—c shows surface SEM
backscattering images of samples Ti;oCuszg, TisoCuso, and
TizoCuyq before the anodization process. The EDS (see Table 1)
showed that the two different regions with microscopic dimen-
sions appearing on the sample of the sample surface were,
respectively, a Cu-rich phase (bright gray) and Ti-rich phase
(Dark Gray). XRD analysis showed that the alloys exhibit a
heterogeneous crystalline structure composed of more than one
phase (see details in the Suporting information, Figure S1),
corroborating data from EDS.

After anodization, a drastic change in morphology was ob-
served (Figures 2 d-f). The shape and size of the microstructures
approximately coincided with the dimensions of the bright
regions (Cu rich phases) of Figure 2a—c. These microstructures
can be ascribed to considerable Cu dissolution during anodiza-
tion in agreement with the current—time curves presented in

Cu concentration in the alloy
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—100%
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Figure 3. (a) Photographs of the anodization solution with addition of
NH3 after performing the anodization process, and (b) UV—vis spectra
of anodized solutions identifying the absorption peak at 605 nm due to
formation of Cu(NH3)43+(aq) complexes.

Figure 1. Changes produced in the anodized substrates depended
on alloy composition. In Figure 2d, formation of a microstructure
with irregular variations on the micrometer scale can be seen. In
Figure 2e, more regular channel-like structures (lamellae) were
observed. The lamellar structures observed in Figure 2b were
formed from a competitive growth mechanism, during diftusion,
where the Cu atoms rejected during the formation of a-Ti are
incorporated into the Ti,Cu structure through a diffusive flux.>
The microstructure observed in Figure 2e is the result of
anodization of the sample, where Cu dissolution is also observed,
in agreement with Figure 1. Finally, Figure 2f shows surface
defects with holes larger than 10 ym. These micrometer struc-
tures were observed only in Ti-yCu alloys, and were mainly due
to the dissolution of Cu into the anodizing solution as explained
below. Ti dissolution also occurs and is a well-known effect
during the anodization process, but it is low compared with Cu
dissolution, as can be seen in the current—time transient curves
in Figure 1.

Figure 3a shows a sequence of photographs of anodizing
solutions when concentrated NHj solutions were added after
anodization. It was observed that, with increasing Cu con-
centration in the alloy, the solution became more bluish. This
effect was related to Cu(NH3)ﬁE'aq) complex formation that has
maximum absorption at 605 nm (Figure 3b).*>! The Cu com-
plex concentration increased from zero to 1.9 x 10 > mol L™
when the Cu concentration in the alloy changed from 0 to
100%.

The microstructure formed after anodization could be
explained by the high dissolution of Cu located in sections
of the Cu-rich alloy during anodization, which may increase
the current density (Figure 1) of the Ti-yCu alloys and
pure Cu. The sizes of the defects were directly related to the
Cu-rich fields, as shown in the backscattering SEM images of
Figure 2a—c.

Nanostructure Formation. A zoom image of the anodized
samples in Figure 2d—f can be seen in Figure 4. The formation of
structures on the nanometer scale with different morphological
characteristics could be observed. Presence of different Cu
amounts in Ti-yCu intermetallic alloys strongly affects final
nanostructure formation. Figure 4a shows that in the Ti;Cus
sample, formation of nanotubes (NTs) occurs mainly in the
regions of low copper concentration as shown in Figure 2a. The
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Figure 4. SEM images of anodized alloys (a) Ti;oCus, (b) TisoCuso,
and (c) TizoCuy. On the right side of each figure, details of the formed
nanostructures can be seen. (d—f) SEM images corresponding to the
functionalized alloys a—-c.

NTs present a length of 1 ym, a diameter of 60 nm, and a wall
thickness of 10— 15 nm, as can be seen in detail on the right side
of Figure 4a. The structure is similar to NT's formed from pure Ti
under the same anodization conditions.>* When the Tis,Cus,
alloy was anodized, the final morphology consisted of small
particles with a diameter of about 200 nm (see detail in
Figure 4b) dispersed along the surface of the microchannels.
Finally, when 70% of Cu was present in the alloy, the formation
of structures such as nanofibers located in the walls of large
holes were found, as can be seen in Figure 2f. The nanofibers
had a diameter of 20 nm and a total length of 1.5 um. Ad-
ditionally, Figure 4d—f shows the surface of alloys after the
chemical functionalization process. In all images, a snakelike
structure could be observed superimposed on the original
anodized alloy substrates (see details in the inset of Figure 4e).
The same results were also found in our previous study of Al
substrates.*®

Superhydrophobic Surface. The anodization process of the
Ti-yCu alloys led to a complex and diverse combination of
micro/nano structures. Those novel synthesized structures open
a number of scientific and technological applications in the field
of nanotechnology. One very interesting example with practical
application, that combines micro- and nanostructured morphol-
ogy, is the study of superhydrophobic surfaces.

Trying to test the wetting properties of the prepared alloys, a
series of experiments was carried out. Two sets of samples were
prepared: (i) as anodized, and (ii) chemically functionalized with
TMPSi and PTFE (PVD method). When the WCAs of the
anodized samples were measured immediately after anodization,
the surface of all samples showed hydrophilic or superhydrophi-
lic properties. After aging in air, the wetting properties of the

Ti

Q e 14° + 2°

Figure S. Schematic overview of the images of water droplets on the
sample surfaces with different treatments, depending on composition of
the anodized sample. The hysteresis of the anodized substrates, func-
tionalized with TMPSi dipping and PTFE/PVD, are shown in the last
column.

samples slowly changed to hydrophobic with WCAs in the range
of 110—140°, depending on the environmental conditions and
aging time. This hydrophobicity may be caused by hydrocarbon
contamination from the atmosphere and is not generally useful
because there is not a covalent bond between the surface and the
organic layer. Instead, a permanent link between the anodized
surface and the organic lower surface layer can be obtained by
process ii. Figure 5 shows static WCA data of samples anodized
and then chemically functionalized with TMPSi and the
PTFE/PVD method. When anodized Tiand Cu samples were
chemically functionalized with TMPSi, there was a significant
increase in both WCAs to 150 % 2°. The alloys also showed
hydrophobic properties, almost reaching superhydrophobi-
city in the case of TisoCuso. This effect was associated with a
reduction in surface energy due to the formation of a silane
layer that had already been observed in anodized Al sub-
strates.>® Finally, the samples treated with silane were func-
tionalized with PTFE/PVD, and thus the WCAs increased
even more, reaching superhydrophobic properties in all trea-
ted substrates. Figure S shows that all samples containing Ti
and functionalized with silane plus PTFE/PVD had WCAs
exceeding 160°.

Another interesting and important feature of a superhydro-
phobic surface is the self-cleaning property commonly found in
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Figure 6. XPS wide scan spectra of Ti (top), TisoCuso, (middle),
and Cu (bottom) anodized substrates before chemical functionaliza-
tion. Characteristic signals of each element are indicated in the

figure.

nature. One simple way to measure hysteresis is by tilting the
sample and measuring when the water drop is about to start
moving down. Figure 5 shows hysteresis of the pure metal and of
the alloys functionalized with TMPSi and PTFE/PVD method.
On a self-cleaning surface, a water drop moves easily over the
surface at angles less than 10°. Ti;oCusg anodized alloys that were
chemically functionalized showed sliding angles of about 3°,
presenting excellent self-cleaning properties, since the water drop
could move easily over the surface, dragging dirt particles. Pure
metals and other alloys showed higher hysteresis (see Figure S).
Silane only treated samples showed even higher hystersis.

To gain insight into the origin of the different hysteresis values
found in the functionalized samples, XPS analyses were carried
out before functionalization. After functionalization with TMPSi
and the PTFE/PVD method, the treated surfaces showed typical
XPS spectra of perfluorinated layers, similar to those previously
found in Al functionalized substrates.>® Figure 6 shows a typical
XPS wide scan spectra of pure Ti, pure Cu, and TisoCus, alloy
before chemical functionalization. As can be seen in Figure 6, the
surfaces of the anodized samples were contaminated with
residues of the anodizing medium or hydrocarbon adsorption
after anodization (mainly F and/or C). The XPS spectra also
show that, in the alloys, the surfaces of the anodized samples had
contributions of both metals in a concentration that depended on
the original alloy concentration. To understand the low hyster-
esis obtained for the Ti;oCus alloy, XPS core signals before
functionalization were analyzed in more detail. Particularly, the
O Is signal was very illustrative. Figure 7 shows the XPS spectra
of the O Is signal of anodized pure Ti substrate and two alloys
before the functionalization treatment with TMPSi and PTFE/
PVD. As can be seen in Figure 7 (top), the O 1s signal can be
satisfactorily fitted with two peaks that can be assigned to Ti—O
and Ti—OH bonding.”* That spectrum (Figure 7, top) corre-
sponds to a typical TiO, XPS spectrum. When Cu is present in
the alloy, a new signal at about 529.6 eV can be assigned to

CPS (x1000)

538 53 534 532 530 528 5%
Binding energy (eV)

Figure 7. XPS spectra of the O 1s signal from anodized surfaces of pure
Ti and its alloys before chemical functionalization.

Cu—O bonding.® Anodized pure Cu showed mainly one
contribution in the deconvoluted O 1s signal (Cu—O, 94%)
and a small component shifted to higher energy (Cu—OH, 6%)
that could be attributed to hydroxide and/or chemisorbed
oxygen.>> Anodized pure Cu and its alloys mainly present the
characteristic XPS spectra of CuO. The Cu 2p; , peaks exhibits a
main peak at 933.7 eV accompanied by a satellite on the high
binding energy side at about 9 eV (Figure 6). The spectrum of
Cu,O has only one peak located at about (932.4 £ 0.2) eV.>?
The oxygen elemental composition on the surface of the as
anodized substrates was determined from the XPS O1ls spectra
and summarized in Table 2. As can be seen for pure Ti and alloys
in Table 2, there was a close correlation between the Ti—OH
relative concentration and hysteresis.

It is known that the TMPSi and PTFE/PVD method lead to a
thin perfluorinated layer on the topmost monolayers of the
treated substrates. Between this perfluorinated layer and the
metal substrate exists a silane layer linked to the anodized
substrate.’® The first step in the functionalization process is the
dipping of the anodized substrates in diluted silane solutions. It is
generally assumed that, upon drying the silane-treated metals,
two key condensation reactions occur.*” One is the formation of
covalent metallo-siloxane bonds (M—O—Si) between silanols
(Si—OH) from the silane solution and the metal hydroxyls
(M—OH) from the metal surface hydroxides. The other is
condensation among the excess Si—OH groups adsorbed on
the metals, forming a siloxane (Si—O—S$i) film on top. As a
consequence, the amount of M—O—Si bonds formed depends
on the M—OH concentration on the surface and they may
determine the performance of the coating. Our hypothesis, based
on the XPS O Is results, is that the lowest hysteresis obtained
(see Table 2) is due to a more complete coating with TMPSi of
the anodized TioCusq alloy surface that has the highest M—OH
contributions. When the M—OH concentration decreased, the
coating coverage was less complete and, although the surfaces
presented superhydrophobicity, there could be regions in which
the water drop was interacting with a less hydrophobic surface,
and therefore hysteresis increased.
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Table 2. XPS Peak-Fitted Components of the O 1s Spectra
for Anodized Substrates before Chemical Functionalization

ratio
Ti—OH/ hysteresis
sample Ti—O Ti—-OH Cu—-OH Cu-O Ti—O (deg)

Cuy0 6 94 1442
TiyCuyo 41 21 2 36 0.5 17+2
TisoCuso 52 11 1 36 02 2643
TinoCuzo 29 60 4 7 2 341
Ti00 76 24 03 14+2

These results highlight the importance of the proper combina-
tion of micronano morphology and surface chemical functiona-
lization with low surface free energy compounds. The fully
treated alloy surfaces showed static and dynamic superhydro-
phobic properties. When the roughness factor was increased by
the presence of the nanostructure, the decrease in the solid—
liquid contact area, and the simultaneous increase of the liquid—
air interface, switched from the dominant Wenzel’s** regime to
the so-called Cassie—Baxter’s*” regime. The low hysteresis effect,
obtained when the Cassie—Baxter’s regime became dominant,
was magnified by the presence of a thin layer of a low surface
energy chemical compound, a PTFE-like overlayer.

Bl CONCLUSIONS

In summary, we have shown a simple and highly reproducible
method for the fabrication of a surface that combines micro and
nanostructures from a single anodization step for Ti-yCu inter-
metallic alloys. In these alloys the formation of microstructures is
due to high dissolution of Cu in the Cu-rich phases during the
anodizing process. On the other hand, formation of the nano-
structure occurs in the Ti-rich phase and in the Ti-yCu alloy. The
study of wettability of those structures, after chemical functio-
nalization with TMPSi dipping and PTFE/PVD treatment,
showed that functionalized and anodized alloys were super-
hydrophobic with WCAs always greater than 160°, and low to
very low hysteresis (from 26° to less than 3°). This degree of
hysteresis, on the anodized surface, was associated with a low
concentration of M—OH bonds present on the surface before
the chemical functionalization step with silane. An increase of
M—OH bonds allowed for better coverage by the TMPSi coat-
ing, and by its bonded PTFE-like overlayer as well. The new
process, unlike traditional manufacturing of micro- and nanos-
tructures, opens a new way for the formation of structures with
superhydrophobic performance and with low production costs.
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tion on the Ti-yCu intermetallic alloys after the anodization
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