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ABSTRACT: We report a convenient route to fabricate superoleophobic
surfaces (abridged as SOS) on copper substrate by combining a two-step
surface texturing process (first, the substrate is immersed in an aqueous
solution of HNOj and cetyltrimethyl ammonium bromide, and then in an
aqueous solution of NaOH and (NH,),S,05) and succeeding surface
fluorination with 1H,1H,2H,2H-perfluorodecanethiol (PFDT) or 1-decane-
thiol. The surface morphologies and compositions were characterized by field
emission scanning electron microscopy and X-ray diffraction, respectively.
The results showed that spherical micro-pits (SMP) with diameter of S0—100
pum were formed in the first step of surface texturing; in the second step,
Cu(OH), or/and CuO with structures of nanorods/microflowers/microballs
were formed thereon. The surface wettability was further assessed by optical
contact angle meter by using water (surface tension of 72.1 mN m™' at
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20°C), rapeseed oil (35.7 mN m™" at 20°C), and hexadecane (25.7 mN m™" at 20°C) as probe liquids. The results showed that,
as the surface tension decreasing, stricter choosing of surface structures and surface chemistry are required to obtain SOS.
Specifically, for hexadecane, which records the lowest surface tension, the ideal surface structures are a combination of densely
distributed SMP and nanorods, and the surface chemistry should be tuned by grafted with low-surface-energy molecules of
PEDT. Moreover, the stability of the so-fabricated sample was tested and the results showed that, under the testing conditions,
superhydrophobicity and superoleophobicity may be deteriorated after wear/humidity resistance test. Such deterioration may be
due to the loss of outermost PFDT layer or/and the destruction of the above-mentioned ideal surface structures. For UV and

oxidation resistance, the sample remained stable for a period of 10 days.
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1. INTRODUCTION

Superhydrophobicity and superoleophobicity, which display
high static contact angle (SCA, >150°) and low sliding angle
(SA) with different probe liquids (such as water and low surface
tension liquids) on surfaces,' has found wide application in
daily life and various sectors of national production due to its
characteristics of self-cleaning,2 anti-freezing,3 anti-sticking of
snow,* anti-corrosion,>™® anti—biofouling,9 etc. Such wide
potential application has stimulated many researchers to
fabricate sug)erhydrophobic surfaces (abridged as SHS) by
anodization,® electrodeposition,11 laser treating,12 electro-
spinning,13 chemical vapor deposition14 etc. However,
compared with these intensive researches on SHS, the
fabrication of superoleophobic surfaces (abridged as SOS) is
difficult and related reports are rare.”'®

The difficulty in obtaining SOS can be well understood by
the following theoretical analyses. According to Wenzel model,
the SCA increases with the increase of surface roughness when
the SCA of a liquid on a flat surface is larger than 90°.'°
However, it is difficult to get SCA greater than 90° for low
surface tension liquids on a flat surface. This is because that the
SCA (0) on a flat surface is determined by Young’s eq 1
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where ¥, 7, and y are the surface tension of solid, liquid, and
the interfacial tension of solid/liquid, respectively. The
interfacial tension ¥ can be shown as eq 2

w=ntr—2Jn )

By combining the above two equations and the term of @ = 90°,
it is obtained 7, = 71/4."” The 7, of low surface tension liquids is
usually in the range of 20—30 mM m™, so the value of y, is
several mN -m™". Such a low y, is difficult to obtain, so SOS can
not be easily prepared.

However, it has been demonstrated that SOS can be
obtained by the introduction of specially designed surface
geometries, such as re-entrant and overhang surface struc-
tures,"*~** even with @ < 90°. This is consistent with Cassie and
Baxter’s eq 3>%%°
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Figure 1. (a) Schematic view for the preparation procedure of SOS on copper substrate and the surface morphology variation as treating time of (b)
step 1 and (c) step 2. Larger magnification for ¢ can be seen in Supporting Information (Figure 2s).

cos . = ficos 6 — f, (3)

where f, is the total area of solid under the drop per unit
projected area under the drop, 6, is the contact angle on a
smooth surface of material 1. Likewise, f, is defined in an
analogous way, with material 2 as air (6, = 180°). 0, is the SCA
on the rough surface. In contrast to the Wenzel relation, the
Cassie relation allows for the possibility of 6. > 90°, even with
0, < 90° because of air entrapment in the composite state. The
composite structures prevent water and low surface tension
liquids from penetrating the cavities as a consequence of
capillary forces. However, the composite structures have been
realized with specific fabrication processes, such as unconven-
tional anodization,™ dc magnetron sg)uttering,27 and conven-
tional photolithographic technique.”® Herein, we aim to
fabricate SOS with simple solution-based technique.

The studied substrate in this work is copper, which is a kind
of important engineering metals and widely used in many
applications, such as aerospace, railway, and automobiles. The
fouling of copper by oil/water pollution are big problems in
these fields. To relieve these problems, endowing copper with
superoleophobicity is an attractive alternative, because it would
inhibit the contact of a surface with oil/water and environ-
mental humidity. In this paper, a two-step process based on
simple solution immersion is proposed to fabricate similar
surface composite structures on copper substrates. Specifically,
by chemical etching in HNO;/CTAB and chemical oxidizing in
NaOH/(NH,),S,05, composite structures composed of
spherical micropits (SMP)/nanorods were fabricated.” After

further surface passiviation with low-surface-energy molecules
of 1H,1H,2H,2H-perfluorodecanethiol, SOS were fabricated
successfully. The treating condition for this process is mild
(dilute solution, room temperature, and atmospheric pressure)
and the operation is fairly easy; moreover, it needs no special
large apparatus. These obvious advantages may accelerate the
fabrication of SOS by convenient routes.

2. EXPERIMENTAL SECTION

To remove the surface grease, copper substrates (99.7%, Sinopharm
Chemical Reagent Co., Ltd) were ground with abrasive paper and
ultrasonically cleaned in acetone, ethanol and ultrapure water for 10
min, respectively. Then, the copper substrates were immersed into an
aqueous solution containing 5 M HNO; and 12 mM CTAB
[C16H33(CH;);NBr, 90%, Sinopharm Chemical Reagent Co., Ltd]
under ultrasonication at room temperature for a period of time to
fabricate microstructures, followed by rinsing with a great deal of
ultrapure water and drying with nitrogen.”> After this, the copper
substrates were immersed in an aqueous solution of 2.5 M NaOH and
0.1 M (NH,),S,05 at room temperature (27 °C) to obtain
nanostrucutures, followed by rinsing with a great deal of ultrapure
water and drying with nitrogen.”> After the composite structures were
formed, surface fluorination was performed in an ethanol solution (1.0
wt %) of PFDT (1H,1H,2H,2H-perfluorodecanethiol, 97%, Sigma-
Aldrich) or DT (1-decanethiol, 96%, Alfa Aesar) at room temperature
for 60 min, subsequently rinsing with ultrapure water, and drying with
nitrogen.

Static contact angle (SCA) and sliding angle (SA) were measured
by a contact angle meter (Easydrop, Kriiss, Germany) at room
temperature with 4 yL probe liquids of water, rapeseed oil, and
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hexdecane. Surface morphologies were observed on field-emission
scanning electron microscope (FESEM, Nova NanoSEM, FEI, USA).
Surface compositions were characterized by an X-ray diffraction meter
(XRD, Bruker-axs, DSADVANCE, Germany) and X-ray photoelectron
spectroscopy (XPS, Physical Electronics, PHI-5702, USA). The
stability, including wear/humidity/UV resistance/oxidation, of the
so-fabricated sample was also tested, and the conditions for testing
were listed in Figure 4. No special apparatus was needed except for UV
resistance (ZN-P).

3. RESULTS AND DISCUSSION

3.1. Surface structures and compositions. To further
reveal the composition variation after such a two-step process,
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Figure 2. XRD patterns of copper substrate (a) treated by step 1 and
(b, c) further treated by step 2 for (b) 10 and (c) 30 min.

we depicted XRD patterns of copper substrate treated by step 1
and step 2 in Figure 2a. It is observed that, after treated by step
1, the substrate displays two main peaks at 20 = 43.3 and 50.4°,
which can be ascribed to the (111) and (200) crystalline planes
of Cu, respectively. This suggests that there deposit no new
species on the substrate by step 1. This can be well-understood
if one consults the following reaction equation

3Cu 4+ 8HNO, & Cu(NO;)2 + 2NO 1 +2H,0 4)

the product of such a etching reaction is dissolvable Cu(NO;),,
NO gas, and water; no new species are deposited on the
substrate. After treated by step 2, the copper is supposed to be
oxidized into copper hydroxide (for immersion time of S or 10
min) or further into cupric oxide (for immersion time of 30
min) by the following reaction equations:*

Cu + 4NaOH + (NH,)2S,0,
— Cu(OH), + 2Na,SO, + 2NH; 1 +2H,0 (3)

Cu(OH)2 + 20H~
— Cu(OH),”
& CuO + 20H™ + H,0 )

consequently, new peaks attributed to the undissolvable
Cu(OH), (Figure 2a-ii) or CuO (Figure 2a-iii) appeared.
After the rough structures were formed, PFDT was used to
lower the surface energy. The self assembling of alkanethiol on
copper has been widely studied; however, on oxidized copper

surface, the reports are rare.”' >* These pioneer works®>*?
show that Cu (II) species can be reduced by alkanethiol to
Cu,O (eq 7), which can further react with alkanethiol to form a
self assembled monolayer (eqs 8 or 9).

Cu(Il) + 2RSH — Cu(I) + SS — SR (7)
Cu(I) + 2RSH — 2RS — Cu (8)
Cu(I) + 2RSH — 2Cu + RS — SR + H,0 (9)

These reactions can be regarded as the anchoring mechanism of
PEDT on the oxidized rough copper substrate.

3.2. Surface Wettability. The surface wettability is mainly
controlled by two aspects, viz., the probe liquid and the tested
surface. As to the former, in our present work, water, rapeseed
oil, and hexadecane was used; the reported surface tension of
these probe liquids is 72.1, 35.7, and 25.7 mN m™ (20°C),"*
respectively. As to the latter, it also includes two aspects, viz.,
surface structures and surface chemistry. For a given probe
liquid, to obtain a special wettability of superhydrophobicity or
superoleophobicity, rough surface structures and low surface
energy is generally required. Herein, rough surface structures
are fabricated by a single step (step 1 or step 2) or by a
combination of two steps (Figure 1a); the low surface energy is
obtained by grafting with PFDT or DT. The influence of these
parameters, viz., the surface structures and the grafted low-
energy molecules, on surface wettability was studied.

3.2.1. Influence of Surface Structures on Wettability. 1t is
widely reported that special surface structures (i.e., micro-/
nanocomposite structures) are required to fabricate SHS/SOS.
Moreover, for different probe liquids, such combination of
micro-structures and nano-structures may be different.
Specifically, for probe liquid with lower surface tension, stricter
combination is generally required. Herein, “stricter” means that
both microstructures and nanostructures should be obvious.
For example, by fabricating well-ordered nanowires on
microstructured aluminum surface, SOS to diverse liquids
(including water, hexadecane, etc.) has been obtained;"® for the
aluminum surface with obvious microstructures and not so
obvious nanostructures, only SHS can be obtained.**

On the basis of these analyses, it is expected that the surface
structures suitable for hexadecane SOS are most difficult to
obtain in the present work because of its lowest surface tension
(as discussed earlier). To discover such proper surface
structures for different probe liquids, especially for hexadecane,
we studied a series of surface structures were fabricated by
controlling the treating time for step 1/step 2 and wettability,
and the results were summarized in Figure 3. It is observed that
the variation of SCA on the treating time is different for
different probe liquids. Specifically, for water (the upper blue
curve in Figure 3), after the substrate was treated by step 2 (see
Figure 3a) or step 1 (see “0 min for step 2” in Figure 3a—e)
solely, SCA increased gradually as the treating time prolonging
and SHS can be easily prepared when a critical time reaches.
The conditions for SHS can be expressed simply as follows

SHS: step 1 (10 min) or step 2 (x min , x = 10, 15, 30)

For step 1 (10 min), microstructures (i.e., densely-distributed
SMP) with not obvious nanostructures (i.e., nano irregular
papillae) are generated;” for step 2 (10 min), random nanorods
are generated (Figure 1c), the typical size of which is in nano-
scale, while the random distribution lead to a microstructures;
for step 2 (15 min) and step 2 (30 min), microflowers with
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Figure 3. Relationship between the immersion time and SCA with different probe liquids. The rough surfaces are grafted with PFDT. When SCA is
larger than 150°, SA is also tested. For water, SA is less than 10° when a SCA is larger than 150°; for rapeseed oil and hexadecane, the highest SCA

and corresponding SA values in a—e are shown in Table 1.

Table 1. SCA/SA Values for the Peak Points in Figure 3 for Rapeseed Oil and Hexadecane

SCA/SA Value (deg)

Figure 3a Figure 3b
rapeseed oil 156.0 + 1.4 157.5 £ 2.0
20 + 4 20+ 3
hexadecane 135.15 + 1.6 139.6 + 1.6
90 90

Figure 3c Figure 3d Figure 3e
1592 + 1.2 159.5 £ 2.0 166.1 + 2.2
18 + 4 17+ 3 15+2
141.1 + 1.0 1450 + 14 1582 + 2.6

90 90 20 + 3

nanorods and microballs with nanorods are generated,
respectively. SHS can be easily obtained on these composite
structures, even for some surfaces, the nanostructures (step 1
(10 min)) or microstructures (step 2 (10 min)) are not so
obvious.

For rapeseed oil (the middle black curve in Figure 3) and
hexadecane (the lower red curve in Figure 3), there exists a
peak point (10 min for step 2) in the curves. By referring to the
corresponding SEM image (Figure 1 ¢, 10 min for step 2), it is
apparent that nanorods are generated. Such nanorods are
supposed to be the factors to enhance the oleophobicity, and
this enhancement can be well understood if one notices that
the oleophobicity is obtained by repulsing the low surface
tension liquids (i.e,, rapeseed oil and hexadecane) from the
spaces among neighboring nanorods (r) via capillary pressure
(Ap), which can be expressed as®

Ap = 2ycos 0/r (d)

where 0 is the contact angle and y surface tension of the liquid.
The repulsing capillary pressure is very obvious when the
spaces are in nanoscale (see Figure 2sb in the Supporting
Information); consequently, oleophobicity or superoleopho-
bicity was obtained. For rapeseed oil, all such peak points are
greater than 150°; however, for hexadecane, only peak point in
Figure 3e (step 1 (10 min) and step 2 (10 min)) is greater than
150°. The necessary conditions to fabricate SOS can be
expressed simply as follows

SOS for rapeseed oil: step 1(x min, x

=0, 1, 3,5, 10) and step 2 (10 min)

SOS for hexadecane: step 1 (10 min) and step 2 (10 min)

It is obvious that, the condition to obtain SOS for hexadecane is
strictest. Under such condition, both micro-structures (i.e.,
densely distributed SMP) and nanostructures (nanorods) are
obvious. The combination of such micro-/nanostructures leads
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Figure 4. (a-i), (b-i) Schematic view for the devices used to estimate the stability, and the wear/humidity/UV resistance for the sample obtained by
step 1 (10 min)/step 2 (10 min). The probe liquid for (a-ii), (a-iii), (b-ii), and (c-i) is water; for others, the probe liquid is hexdecane.

to superoleophobicity. Comparatively, for rapeseed oil, the can produce SOS; for water, both step 2 and step 1 are effective
combination can be more arbitrary: even step 2 (10 min) solely in producing SHS. So, it can be concluded that as the surface
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Figure S. Digital and SEM images for the sample obtained by step 1
(10 min)/step 2 (10 min) (a,c, d) before and (b, e, f) after sliding for
4500 cm.

tension decreases, the fabrication of SHS or SOS becomes
more and more difficult. In other words, as the surface tension
decreases, more accurate surface structures are needed to
generate superoleophobicity.

3.2.2. Influence of Surface Chemistry on Wettability. For
the surface structures obtained under the treating time of step 1
(10 min) and step 2 (10 min), DT, a fluorine free low-surface-
energy molecule, was used to passiviate the surface and the
wettability was estimated. The surface displays superhydropho-
bicity (SCA = 165.1 + 2.4°/SA = 4 + 1°) and oleophilicity with
rapeseed oil/hexadecane (SCA ~10°). Such oleophilicity may
be due to the fact that the surface energy of DT layer is larger
than that of PEDT due to the different outermost group (—CF,
for PFDT, —CH, for DT) and consequently the term 6 > 90°
(ie., 7; < 71/4, see Introduction section) can not be obtained;
according to the Wenzel model,*® for @ < 90°, SCA is reduced
with the increase of surface roughness and consequently
oleophilicity is obtained. This phenomenon suggests that the
outermost group influences the surface wettability greatly. To
ensure the surface superoleophobicity in our present work,
PEDT with —CF; outermost group is quite needed.

3.2.3. Stability. Stability is the foundation of the potential
applications for SHS or SOS. In this work, wear/humidity/UV/
oxidation resistance for the sample fabricated by step 1 (10
min)/step 2 (10 min) were tested and the results were shown
in Figure 4. For wear resistance, an abrasive paper (5000 mesh)
was selected as friction mating, the applied load was 14 g, and
the contact area is 15 mm X 15 mm (Figure 4a—i). It was
observed that SCA decreased and SA increased as the sliding
distance increasing. The critical sliding distance for the loss of
superhydrophobicity (SCA > 150° and SA < 10°) is found to
be ~40 cm, at that critical point, SCA and SA is 164° and 9°,
respectively. For the probe liquid of hexadecane, a similar
deterioration phenomenon is observed. However, because of

the lack of rigor about the SA for SOS (hexdecane), a clear
critical point for the loss of superoleophobicity is difficult to
point out. As the sliding proceeding to 4500 cm, for water and
hexadecane, SCA/SA decrease finally to ~118°/90° and ~75°/
90°, respectively. To discover the reason for the deterioration
of SHS/SOS, digital pictures for the sample before (Figure Sa)
and after (Figure Sb) sliding for 4500 cm was shown. It is
obvious that the surface color changed greatly, suggesting that
the outermost layer (ie, PFDT) may be peeled off. SEM
images showed that the nanorods were destroyed by the wear
effect of the abrasive paper (compare Figure Sc and e or Sd and
5f) and obvious grooves (Figure Sf) were generated after
sliding for 4500 cm. In others words, deterioration of SHS/SOS
is due to the loss of PFDT and the change in surface
morphology.

For humidity resistance, a self-made unit was used to evaluate
the stability of the sample after placing in an environment with
saturated water vapor. The results showed that, for both water
and hexadecane probe liquids, as the treated time increasing,
SCA decreased and SA increased, suggesting the loss of
superhydrophobicity and superoleophobicity. The variation in
morphology is not so obvious after the humidity resistance test
(Figure 3s). So, such deterioration may be due to the
desorption of PFDT species from the substrate under the
attacking of water molecules. After the humidity resistance test,
the sample was re-immersed into PEDT ethanol solution, and
SCA/SA for water and hexadecane was measured to be 166.5 +
1.5°/4° and 156.5 + 2.5°/18 + 4)°. These data suggest that
superhydrophobicity and superoleophobicity can be recovered
by PFDT re-modification and our assumption (ie., deterio-
ration may due to the desorption of PFDT) can be proved
indirectly by such recovery. For UV resistance, during the test
range, the change in wettability for water and hexadecane can
be neglected. This suggests that both surface morphology
(Figure 3s) and chemistry does not change greatly. For
oxidation resistance, sample fabricated by step 1 (10 min)/step
2 (10 min) was placed in an atmospheric environment (25 °C,
45 % RH) for 10 days. After that, SCA/SA for water, and
hexadecane, were measured to be 167.5 + 1.5° /4 + 2°, and
156.5 + 1.8°/21 + 2°, respectively. This implies the so-
fabricated film is stable against oxidation under the testing
conditions.

4. CONCLUSIONS

A convenient route, combining a two-step surface texturing
process and succeeding surface passiviation with low-surface-
energy molecules, was proposed to fabricate SOS on copper
substrate. It was discovered that the optimum surface structures
for superoleophobicity with a combination of densely-
distributed SMP and nano-rods can be obtained by controlling
the treating time for step 1 (10 min) and step 2 (10 min);
while, PFDT with an outermost —CF; group is the ideal
reagent to passiviate the surface. This solution-immersion
approach may accelerate the production of SOS (even with
hexadecane, a typical low-surface-energy liquid) for its inherent
advantages, such as the need of no special apparatus and
relatively simple operation.
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Surface morphologies for copper treated by step 1 for 15 and
20 min, surface morphology variation as treating time of step 2,
and surface morphologies for the sample fabricated by step 1
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(10 min)/step 2 (10 min) after humidity (168 h)/UV (10
days)/oxidation (10 days) resistance test. This material is
available free of charge via the Internet at http://pubs.acs.org.
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