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A superhydrophobic TiO2-oleic acid (OA) nanocomposite coating was fabricated by a novel vacuum cold spray
(VCS) process at room temperature. The content of OA immobilized on TiO2 nanoparticles could influence the de-
position effect during the VCS process, in turn controlling the wettability of nanocoatings acquired. Thewettabil-
ity of the nanocoatings could be adjusted by altering the content of OA in the starting nanocomposite powder.
The maximum static water contact angle and the minimum sliding angle were obtained at 151.2°and 1.2°, re-
spectively, with the molar ratio of OA to TiO2 at 1:10. Additionally, it was observed that the newly constructed
superhydrophobic coatings displaymechanical durability. This study presents a promising approach for fabricat-
ing inorganic-organic nanocomposite superhydrophobic coatings for long-term functional applications.
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1. Introduction

Superhydrophobic surfaces with water contact angles (CA) higher
than 150°and sliding angles (SA) b10°have drawn great interests due
to their potential applications such as anti-fouling [1], anti-corrosion
[2], anti-icing [3], oil/water separation [4], drag-reducing [5], etc. Gener-
ally, a rough structure and low surface energy is required for fabricating
a superhydrophobic surface [6]. Instead of directly constructing rough
structures on target substrates, decorating substrates with extra-
substrate nanostructured coatings or layers are more versatile and con-
venient [7]. With a combination of nanotechnology and
superhydrophobic surfaces, superhydrophobic nanocoatings that con-
tain at least one nanoscale rawmaterial have drawn extensive attention
recently [8–12].

To fabricate superhydrophobic nanocoatings, many approaches
have been attempted, such as sol-gel [13], electrodeposition [14], dip-
coating [15], template [16], and spraying [17]. Ming et al. developed a
dual-size hierarchical structure with raspberry-like particles by grafting
70 nm silica particles to 700 nm ones and obtained a CA of 165° [18].
Using surface-functionalized SiO2, ZnO and ITO nanoparticles, Bhushan
et al. produced transparent superhydrophobic surfaces on glass,
, lihua@nimte.ac.cn (H. Li).
polycarbonate and poly(methyl methacrylate) (PMMA) substrates by
a dip coating technique [9]. By spraying suspensions of silica nanoparti-
cles immobilized with dodecyltrichlorosilane, Hitoshi et al. prepared a
transparent superhyodrophobic nanocoating on paper [17]. Our group
has been making effort toward superhydrophobic nanocoatings using
a suspension thermal spray technique [19–20]. Polyurethane/nano-
Al2O3 composite superhydrophobic coatings were prepared in large
scale on arc-sprayed Al coatings by a suspension flame spray process
for anti-corrosion applications [19]. And a superhydrophobic coating
with mechanical robustness and easy-repairability was produced by a
combined approach of plasma spray and suspension flame spray [20].

Vacuum cold spray (VCS) is known as a ceramic coating technology
that deposits submicrometer-sized particles at room temperature. The
most remarkable advantages of VCS are its possibility of depositing at
room temperature, high deposition rate (up to tens of μm/min), and
ability to deposit nanomaterials [21]. The VCS system has now been
mainly used to prepare functional coatings for electrical, thermal and
biomedical applications, for example TiO2 films in dye-sensitized solar
cells [22], SrTi0.7Fe0.3O3-δ sensor films [23], and hydroxyapatite/
graphene composite biomedical coatings [24]. Nevertheless, to the
best of our knowledge, no study is reported that employs VCS to con-
struct superhydrophobic nanocoatings.

Here we report for the first time the use of the VCS technique to fab-
ricate superhydrophobic nanocoating using oleic acid (OA)-modified
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TiO2 nanoparticles.We designed a series of surface-modified TiO2 nano-
particles with different molar ratio of OA to TiO2 and studied wetting
behaviors and mechanical durability of the deposited nanocoatings.

2. Experimental setup

For the preparation of nano-TiO2/oleic acid powder, a mixture of
tetrabutyl titanate (50 mL, Aladdin Chemistry Co. Ltd., China) and
anhydrous ethanol was added dropwise to a water-ethanol solution
(water 150 mL, ethanol 150 mL) with vigorous stirring at room tem-
perature for 2 h. Then a specific amount of OA (Aladdin Chemistry Co.
Ltd., China) were added to the mixture and refluxed for 2 h. After
cooling down to room temperature, the suspension was centrifuged
and the sediment was washed with acetone and ethanol for several
times. The OA treated TiO2 particles were dried at 353 K. Powder
with different molar ratio of OA to TiO2 (1:1, 1:5, and 1:10) was pre-
pared. Both the nano-TiO2 and nano-TiO2/OA powder were sprayed
for coating deposition using the VCS 2000 system (developed by
Xi'an Jiaotong University, China). Aluminum (Al) plates were used
as the substrates in this study. The spraying parameters for the VCS
process are as follows: the helium gas was employed as the carrier
gas with a flow rate of 6 L/min, the scanning speed was 10 mm/s
and the spray distance was 10 mm.

Microstructure of the powder and coatings was characterized by
transmission electron microscopy (TEM, Tecnai F20, USA) and field
emission scanning electron microscope (FESEM, Hitachi S4800, Japan).
Thermogravimetric analysis (TGA, Perkin Elmer Diamond TG/DTA,
USA) was carried out up to 600 °C in air atmosphere with a heating
rate of 10 °C/min. The chemical compositions of the samples were fur-
ther characterized by Fourier transform infrared spectroscopy (FTIR, Ni-
colet 6700, USA). Static water contact angle and slide angle
measurements were performed using a video-based optical system
(Dataphysics OCA20, Germany) and five measurements were made
for each sample. Surface roughness of the coatings was measured by
laser scanning confocal microscope (LSCM, Zeiss LSM700, Germany).
The mechanical stability and adhesive of superhydrophobic
nanocoatings were evaluated by scratch testing [25–28]. The testing
was carried out using 1500 grit Al2O3 sandpapers as the abrasion
surface.

3. Results and discussion

Fig. 1 shows the schematic illustration of the fabrication process of
superhydrophobic TiO2-OA nanocomposite coatings. TiO2 nanoparticles
were firstly synthesized through a sol-gel method [29] and then surface
modified with OA to obtain TiO2-OA nanocomposite powder. Finally,
the TiO2-OA nanocomposite powder was deposited on substrates via a
VCS coating technique at room temperature.

For the sol-gel method, the size of TiO2 nanoparticles could be easily
tuned through different water: alkoxide molar ratio and increase of the
ratio would decrease particle size [29]. It is worth to note that the parti-
cles acquired were amorphous since no thermal treatment was in-
volved. TEM studies reveal that TiO2 particles were in a quasi-
spherical shape yet hardly separated. And the addition of OA resulted
Fig. 1. Schematic illustration of the fabrication process of superhydrophobic nanocoatings.
in no shape change on nanoparticles (Fig. 2a-2, 2b–2). SEMmicrographs
show that particles adopted a uniform spherical morphology with an
average size of 50 nm, which was consistent with TEM images. Howev-
er, agglomerated nanoparticles have a great advantage in constructing
hierarchical roughness [17].

A unique advantage of the VCS technique is that the deposition pro-
cess is conducted at room temperature, ensuring the retention of organ-
ic groups. FTIRmeasurements were performed to confirm the retention
(Fig. 3). It is shown that curve (ii) is obviously different from curve
(i) but the same as curve (iii). In curve (i), the CH2 asymmetric stretch
and the symmetric stretch bands appear at 2928 and 2855 cm−1, re-
spectively. The intense peak at 1710 cm−1 indicates the presence of
the C_O stretch, and the band at 1285 cm−1 is derived from the exis-
tence of C\\O stretch. Two bands at 1462 and 937 cm−1 can be attribut-
ed to theO\\H in-plane and theO\\Hout-of-plane stretch, respectively.
In curve (ii), a little shift happen to the bands of the asymmetric CH2

stretch and the symmetric stretch CH2 at 2924 and 2852 cm−1, respec-
tively. The red shift indicates that the hydrocarbon chains surrounding
the nanoparticles are in a close-packed, crystal state [30]. It should be
noticed that the C_O stretch band of carboxyl groups, which appear
at 1710 cm−1 in curve (i), is absent in the curve (ii). Furthermore, two
brand-new peaks at 1683 and 1528 cm−1, which are characteristic of
the asymmetric νas(COO\\) and the symmetric νs(COO\\) stretch,
dominate the spectra of OA capped TiO2 nanoparticles. From their
frequency difference, Δν ≈ 84 cm−1, the chelating bidentate mode is
probably employed by carboxylate adsorbates binding onto TiO2

surfaces [31]. These results reveal that OA is chemisorbed onto TiO2

nanoparticles as a carboxylate and was maintained after the spray pro-
cess. TGA tests further confirm the existence of OA on the coatings
(Fig. 4). The little difference between curves with the same colors dem-
onstrated that the VCS process has little effect on functionalized organic
groups.

SEM photographs of coatings' surface morphology are shown in
Fig. 5. For pure TiO2 coatings (Fig. 5a–1), it shows a geometry of
hills (relatively lighter region) and valleys (the darker region) in
the micrometer range. A higher magnification view confirmed that
the particles were densely compacted (Fig. 5a–2). For coatings with
an OA: TiO2molar ratio of 1:1, although a certain amount of nanopar-
ticles were deposited on to the substrate, large areas of bare Al sub-
strate were still exposed, indicating an inappropriate deposition
condition (Fig. 5b). As the content of OA decreased, the coating's cov-
erage improved. Surfaces of coatings with an OA: TiO2 molar ratio of
1:5 and 1:10 were similar, showing a relatively smooth geometry. At
an OA: TiO2 ratio of 1:10, coatings with a thickness of 70–80 μmwere
acquired, matching up to the pure TiO2 coating. According to a previ-
ous study [22], the TiO2 coating was deposited through a tamping ef-
fect caused by successive impact of spray particles. That is, a dense
coating would be formed with successive deposition of spray parti-
cles under high impact pressure. And coatings with a porous struc-
ture would be acquired due to insufficient compaction and lack of
dense aggregation between nanoparticles. Particle features especial-
ly particle size play a crucial role in the tamping effect and coating
formation. Although the size of primary TiO2 particles was similar,
the addition of different amount of OA might differentially influence
particle aggregate states during the drying process. Therefore, the
difference in coating surfaces of different OA: TiO2 molar ratios
might be attributed to particle size distribution and particle features
of corresponding powders.

The specific CA and SA of different coatings are shown in Fig. 6. Over-
all, contact angles of TiO2-OA coatings are close to the critical of 150°,
and sliding angles are b5°. As for the sample with a ratio of 1:10, it
shows a CA of 151.2°and a SA of 1.2°, a superhydrophobic performance.
It indicates that full-surface coverage is necessary for a superb hydro-
phobic ability. As for nanocoatings, the combination of micro-scale
nanoparticle aggregates and single nanoparticles on the aggregates pro-
vides a multi-scale roughness. This micro/nano hierarchical structure is



Fig. 2. FE-SEM (−1) and TEM (−2) images of (a) the starting TiO2 nanoparticles and (b) the oleic acid (OA) treated TiO2 nanoparticles.

54 Z. Wang et al. / Surface & Coatings Technology 325 (2017) 52–57
rather conducive to the Cassie-Baxter state, which could be expressed
by the equation:

cosθc ¼ f SL cosθ0 þ 1ð Þ−1

where θ0 is the equilibrium CA on the plain surface, and θc is Cassie state
CA, and fSL is the fraction of liquid-solid contact. With a large number of
nanometer-sized void spaces on the surface, a pretty low fSL is supposed
and thus a high θc But the exposure of hydrophilic parts will impair the
non-wettability, causing the decrease of CA aswell as the increase of SA,
as indicated by coatings at a molar ratio of 1:1. Interestingly, the SA is
still very low even if the CA was b150°. This excellent sliding property
Fig. 3. FTIR spectra of (i) OA, (ii) TiO2-OA powder and (iii) TiO2-OA coating.
(i.e. having low SA but CA b 150°) were also observed in other
nanocoatings [9,13].

The mechanical stability and the adhesive of the superhydrophobic
coating deposited on aluminum with the dimension of
20 mm × 20 mm in length and width was assessed by scratch testing
using 1500 grit Al2O3 sandpapers as the abrasion surface (Fig.7). Results
show that the superhydrophobicitywasmaintained after abrasion tests,
suggesting favorable mechanical stability and adhesive of the
nanocoating on the substrate. The as-sprayed coating surface was a rel-
atively smooth and compact layer with a number of submicrometer-
sized clusters sparsely distributed on the top. After abrasion, nanoparti-
cles underneath the surface were plowed out, exposing another fresh
Fig. 4. TGA curves of TiO2-OA powder and coatings with different molar ratios of OA to
TiO2.



Fig. 5. FE-SEM images of the coatings fabricated bynanocompositeswith differentmolar ratios of OA to TiO2 in the starting TiO2-OApowder, (a) pure TiO2 (b) 1:1, (c) 1:5 and (d) 1:10 (−2
are enlarged views of selected areas in corresponding −1).
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surface with a hierarchical structure (Fig. 7b). The surface roughness
shows the Ra value of 3.4 μm and 4.4 μm for the coating before and
after abrasion, respectively. Moreover, as the coating is composed of hy-
drophobic materials, no hydrophilic material would be exposed as long
as the coating exists, whichmeans that it could be regarded as a hydro-
phobic bulk material. This roughness-regenerating capability [32] and a
hydrophobic bulk characteristic synergistically enable the coating to
maintain superhydrophobicity after a certain degree of mechanical
damage. This effect is illustrated schematically in Fig. 7e. It could be ex-
pected that other hydrophobic nanomaterials are also able to construct
superhydrophobic nanocoatings through the VCS process.

4. Conclusion

We described a new way to fabricate superhydrophobic
nanocoatings utilizinghydrophobic TiO2 nanoparticles by a VCSprocess.



Fig. 6. Staticwater contact angles and sliding angles of the TiO2-OA coatingswith different
molar ratios of OA to TiO2 in the starting TiO2-OA powder.
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The wetting behavior of the as-sprayed coatings could be well tuned by
adjusting themolar ratio of oleic acid to TiO2. Water droplets could eas-
ily roll down from all the coating surfaces.With amolar ratio of 1:10 be-
tween oleic acid and TiO2, a surface with a static water contact angle as
high as 151.2° and a sliding angle as low as 1.2° was obtained. In partic-
ular, the newly constructed superhydrophobic nanocoatings could
maintain their superhydrophobicity even after strong abrasion. The
strategy adopted in this study might provide a new way to fabricate
superhydrophobic nanocoatings using various nanoparticles modified
with low surface energy materials.
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