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Superhydrophobic surfaces have shown great potential in domestic and industrial applications. However, these surfaces lose their
superhydrophobic functions once being contaminated by oily liquids. In this work a simple chemical bath deposition method is reported
to fabricate superoleophobic surfaces on steel substrates that repel both water and oil. The synthesis of superoleophobic surfaces involves
the fabrication of the micro/nanometre-scale origami-ball-like structures on steel substrates, followed by the modification of low surface
energy material. The fabricated surfaces have glycerol, peanut oil and hexadecane contact angles larger than 150° and roll-off angles
smaller than 10°. This method is highly efficient because it takes only 5 min to create the surface re-entrant structures that are required by
superoleophobicity. The prepared surfaces showed remarkable durability and retained superoleophobicity even after exposure to high and
low temperatures (—30 and 100°C), and UV irradiation. This work will enrich the processing methods of the superoleophobic surfaces on

stainless steel substrates.

1. Introduction: Superhydrophobic surfaces with water contact
angle (CA) larger than 150° and roll-off angle (RA) smaller than
10° have attracted researchers’ extensive attention due to their
diverse applications in self-cleaning [1-3], anti-icing [4-10], oil/
water separation [11-15], corrosion resistance [16, 17], and liquid
directional transportation [18-20]. Microscopic rough structures
and low surface energy are necessary for the fabrication of
superhydrophobic surfaces [21, 22]. To date, the researchers have
developed many ways to fabricate superhydrophobic surfaces on
various substrates including metal alloys [23-25], cotton [26],
glass [27, 28], wood [29], and fibre [30, 31]. However,
superhydrophobic surfaces are usually contaminated in oily
circumstances and thus lose their functionality, which greatly
hinder their applications. Therefore, the fabrication of
superoleophobic surfaces with oil CA larger than 150° and RA
smaller than 10° is urgently needed. However, the synthesis of
superoleophobic surfaces requires the creation of surface
re-entrant structures [32, 33], which is more difficult to achieve
compared with the micro/nano surface morphology of
superhydrophobic surfaces. The existing research results about
superoleophobic surfaces are far less than superhydrophobic
surfaces. According to Web of Science, the number of the
published research papers about superhydrophobic surfaces and
their applications are increasing exponentially year by year, but
the paper number of superoleophobic surfaces is growing much
slowly (Fig. 1). For example, 1578 articles of superhydrophobic
surfaces are retrieved in Web of Science in 2015, while there are
only 146 papers about superoleophobic materials. Tuteja et al
[32, 34] revealed that the re-entrant structures are crucial to
obtain superoleophobicity. Since then, researchers have developed
some methods to fabricate superoleophobic surfaces: Ahuja et al.
[35] used ion etching to construct silicon nanonail structures with
re-entrant effect and obtained superoleophobic toward a variety of
oils such as methanol (ypyv=22.1 mN/m), 1-propanol (yy=23.7
mN/m) and 1-decanol (ypy=28.5 mN/m) after being coated with
an additional conformal smooth fluorocarbon layer. Song et al.
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[36] used electrochemical etching and [Ag(NH3),]" solution
immersion method to construct re-entrant micro/nanometre-scale
rough structures on aluminium substrate, and the obtained
surfaces became superoleophobic to peanut oil (yLy =34.5 mN/m)
with CA of 160°+2° and RA of 8° after perfluorooctanoic acid
(PFOA) modification. Chen ef al. [37] constructed Cu powder
with re-entrant textures composed of blocky, dendritic and
coralline-shaped structures by chemical deposition and the
powder showed excellent superoleophobicity after modification
with 0.015 mol/l aqueous PFOA solution.

Steel is one of the most widely used materials in our daily life,
construction and manufacture industry due to their low price and
high reliability. The fabrication of superoleophobic surfaces on
steel substrates has great significance for both fundamental research
and industrial applications. However, only a few methods were
reported to fabricate superoleophobic surfaces on steel substrates.
For example, Yuan ef al. [38] immersed cleaned cast iron substrate
into 36% acetic acid solution for 2 h and 15% H,0O, solution for 3 h
in turn to obtain microflower-like microstructures, followed by the
modification with ethanol solution of perfluorocarboxylic acid, the
surface became super-repellent toward water (yLy=72.1 mN/m)
and rapeseed oil (yLy=35.7 mN/m). Valipour Motlagh et al. [39]
fabricated multi-scale roughness structures composed of spherical
silica particles on stainless steel by sandblasting and then silica par-
ticles coating. The silica particles of upper layer obtained superoleo-
phobicity, and the CAs of ethylene glycol (ypyv = 63.6 mN/m) and
fuel oil (yLy=35.3 mN/m) were, respectively, 157° and 116°
after being modified with fluoropolymer. However, the above men-
tioned methods are either time-consuming or performed poorly in
contact with oils. Therefore, it is important to develop a facile, ef-
ficient and adaptable technique to fabricate stable superoleophobic
surfaces on steel substrates that repel a range of liquids such as
water and oils.

In this work, we report a simple method to prepare superoleopho-
bic stainless steel surfaces that repelled glycerol, peanut oil and hex-
adecane effectively. The superoleophobic surfaces were achieved
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Fig. 1 Statistics of the paper indexed in the ISI web of science by the topic of

superhydrophobic and superoleophobic

through the creation of re-entrant micro/nanometre-scale
origami-ball-like rough structures using chemical bath deposition
for only 5 min, followed by the low surface energy modification
using PFOA. The prepared surfaces showed remarkable durability
and retained superoleophobicity even after exposure to high and
low temperatures (—30 and 100°C), and UV irradiation. This
facile, efficient and low cost method has great potential for indus-
trial applications even in harsh environments.

2. Experimental

2.1. Materials: 304 stainless steel plates (20 mm x 20 mm x 2 mm)
were purchased from Shenzhen Metal Manufacturer (China).
Hydrochloric acid, ammonia, potassium persulfate (K,S,0Og), and
nickel sulphate (NiSO4-6H,O) were purchased from Tianjin
Kermel Chemical Reagent Co. (China). PFOA, CF3(CF,)sCOOH)
was purchased from Sigma-Aldrich (USA). Hexadecane (C,¢Haa,
purity>98%) was purchased from Aladdin Industrial Co. (USA).
Peanut oil was purchased from Shandong Luhua Co. (China).
The rest of the chemical reagents used in this experiment were of
analytical reagent (AR) and purchased from Tianjin Kermel

waler glycerol  peanut oil  hexadecane waler glycerol  peanut oil  hexadecane

waler

Fig. 2 Digital images of water, glycerol, peanut oil, and hexadecane on
a Original stainless steel

b 15 min chemically deposited stainless steel surface

¢ 15 min chemically deposited and PFOA-modified stainless steel surface.
The insets are the images of the liquids on those surfaces
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Chemical Reagent Co. (China). In the experiment, water (yLy =
72.1 mN/m), glycerol (yLy=63.6 mN/m) and hexadecane (y_y=
27.5 mN/m) were, respectively, dyed blue, green and red to aid
visualisation while peanut oil (yy =34.5 mN/m) kept its original
colour, and this almost did not change the surface tension of the
droplets.

2.2. Fabrication of superoleophobic surfaces: Prior to the chemical
deposition, stainless steel plates were polished mechanically using
800# and 1500# metallographic abrasive paper to remove the
impurities and the oxide layer on the surfaces. The steel plates
were then ultrasonically cleaned in detergent and deionised water
in sequence. After that, the steel plates were immersed in
hydrochloric acid (about 37%) for 30 min for increasing the
contact area between the deposition substances and substrate.
Moreover, plates were then ultrasonically washed with deionised
water and dried. Sequentially, the steel plates were placed in the
Chemical Bath Deposition (CBD) solution, which were composed
of 1.0 mol/l NiSO,4-6H,0, 0.25 mol/l K,S,0g, and 25% ammonia
aqueous solutions in a mass ratio of 5:4:1 for 2-30 min at room
temperature. Finally, the samples were immersed in a 0.015 mol/l
aqueous PFOA solution for 30 min to reduce the surface energy.

2.3. Characterisation: The surface morphologies of the samples
were characterised using a scanning electron microscope (SEM,
JSM-6360LV, Japan). The surface chemical compositions of the
samples were investigated using energy dispersive X-ray
spectroscope (EDS, INCA Energy, Oxford Instruments), senior
Fourier transform infrared spectrophotometer (FTIR, Thermo
Fisher 6700, America) and X-ray photoelectron spectroscopy
(XPS, Thermo ESCALAB 250Xi, USA. Al-Ka radiation and C
1s peak (284.6eV) reference). The crystal structures of the
samples were examined by an X-ray diffraction meter system
(XRD-6000, Japan). The digital images of bouncing behaviours
were recorded by a high speed camera (Hot Shot 512 SC camera
equipped with a Nikon105 mm f/2.8G lens) from NAC Image
Technology Inc (USA). The CA and RA of the samples were
measured using an optical CA meter (DSA100, Kriiss, Germany)
at room temperature by dropping the given droplets of 5 ul on
samples, and the average of five measurements at different
positions was used as the CA value. Similarly, the RA was
obtained by the average level of surface inclining angles upon
droplets were rolling off.

2.4. High/low temperature storage and UV irradiation tests: High/
low temperature storage UV irradiation tests were conducted to
test the durability of the obtained superoleophobic surface. To
estimate the high/low temperature stability, CAs and RAs of the
obtained superoleophobic surface after storage in different
temperatures (—30 to 100°C) for 1h. Similarly, CAs and RAs
were measured after UV irradiation test (365 nm, 32 W) for 16 h.

3. Results and discussion

3.1. Effect of surface morphology on oleophobicity: Chemical
deposition and PFOA modification processes are very important
to obtain superoleophobicity. Fig. 2 shows the digital images of
water, glycerol, peanut oil and hexadecane on the different
stainless steel surfaces, the insets are the images of the liquids on
those surfaces. Fig. 2a shows that the original stainless steel
surface was lyophilic to water and glycerol, and superlyophilic to
peanut oil and hexadecane. After chemical deposition for 15 min,
the stainless steel surface showed superlyophilic towards the four
kinds of liquids, as shown in Fig. 2b. Especially, when droplets
of water and hexadecane were dropped onto the aforementioned
surface, they both spread very quickly, showing CAs of
approximately 0°. Fig. 2¢ shows that the samples became
superoleophobic after being further modified by PFOA as the
four types of liquids remained like spheres and could roll off
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from the surface easily. The CAs of water, glycerol, peanut oil and
hexadecane were 161.0°, 164.2°, 157.5° and 155.2°, respectively.

Fig. 3 shows the SEM images, EDS spectra and XRD patterns of
the stainless steel surfaces under different processing conditions.
The original stainless steel surface was smooth and only contained
a few scratches and pits, as shown in Figs. 3(a;) and (a,). After the
chemical deposition, the hierarchical rough structures composed of
many origami-ball-like structures with diameters of 1-2 um
appeared on the stainless steel substrates [Fig. 3(b;)]. In the sight
of larger magnification [Fig. 3(b,)], origami-ball-like structures
were rather rough, and there were many nanoscale porous textures
on the spheres. Figs. 3(c;) and (c,) show the SEM images of the
stainless steel surfaces after chemical deposition for 15 min and
PFOA modification. Comparing the morphologies of the deposited
layer before and after fluorination, we could see that the porous tex-
tures on the origami ball transformed into thin flake and flocculent
structures after PFOA treatment, which demonstrated that chemical
reactions might occur in the process of the immersion in aqueous
PFOA solution.

After chemical deposition, the peaks of elements Ni and O
became stronger and new element S was also detected in the EDS
spectra [Figs. 3(az) and (bs)]. From XRD patterns, new diffraction
peaks belong to 3Ni(OH),-2H,0 (JCPDS Card No. 22-0444), B-Ni
(OH), (JCPDS Card No. 14-0117) and y-NiOOH (JCPDS Card No.
06-0075) were detected [Figs. 3(as) and (bys)]. Thus, the main com-
positions of the origami-ball-like structures obtained by chemical
deposition were 3Ni(OH),-2H,O, Ni(OH), and NiOOH. The
detected S element should be from the attached anion S,05  and
SOAZf from the CBD solutions [40]. The main chemical reaction
equations were shown as follows:

. 2+ —
[Nl(OH)6,X(NH3)x] +20H

— Ni(OH),+(6 — x)H,0 + xNH, (1)

3[Ni(OH),_, (NH,) ]2++60H’
6—x 3)x
@
— 3Ni(OH),2H,0 + (16 — 39)H,0 + 3xNH,
INi(OH),+8,03” — 2NiOOH + 2803 +2H  (3)

After PFOA modification, F appeared on the EDS spectrum [as

L

i

Fig. 3 SEM images, EDS spectra, and XRD patterns of the stainless steel
surfaces under different processing conditions

a Original stainless steel

b 15 min chemically deposited stainless steel surface

¢ 15 min chemically deposited and PFOA-modified stainless steel surface
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shown in Fig. 3(c3)], demonstrating the introduction of
F-containing chemicals. However, we did not find any peaks
from new compositions in the XRD pattern [Fig. 3(c4)] because
of the low sensitivity of XRD meter system. Thus, FTIR and
XPS were applied to detect the change of surface chemical compo-
sitions before and after PFOA modification. In the FTIR spectra
shown in Fig. 4a, new peaks attributed to the —CF stretching vibra-
tions of —CF, and —CF3 groups were detected at the wave length of
1241, 1138 and 1046 cm ™" on the PFOA-modified samples [37, 41,
42]. Fig. 4b shows the XPS spectra of the sample after PFOA modi-
fication, the F KL1 and F 1 s peaks were observed at the binding
energies of 833 and 692 eV, respectively. The high-resolution C
1 s peaks ranging from 281 to 297 eV are depicted in Figs. 4c
and d. The C 1 s peaks of deposited layer were deconvoluted into
three components at 288.7, 286.4, and 284.8 eV, which are corre-
sponding to C=0, C-0, and C-C groups (Fig. 4c). In contrast,
the C 1 s peaks after PFOA-modified surfaces could be resolved
into five components: —CF; at 293.8 eV, —CF, at 291.7 eV, C=0
at 288.8 eV, C-O at 286.1 ¢V, and C-C at 284.8 eV (Fig. 4d).
Thus, both the FTIR and XPS measurements demonstrated that
after PFOA modification, the F-containing groups, such as —CF,
and —CF3, were successfully introduced onto the deposited layer
to reduce its surface energy significantly. Therefore, after PFOA
modification, a minute amount of nickel perfluorooctanoate (Ni
(CF3(CF,)C0OO0),) was generated and changed the porous textures
on the origami ball into thin flake and flocculent structures. The cor-
responding chemical reaction equations were shown as follows:

Ni(OH),+2CF; (CF,) ,COOH

. “)
SN (CF3 (CF2)6COO)2+2H20

3Ni(OH),-2H,0 + 6CF;(CF,) . COOH

. (%)
~ 3Ni(CF; (CF,),00) +2H,0

To adjust and control the wettability of the stainless steel surfaces,
the effect of chemical deposition time on oleophobicity were
studied in detail. Figs. Sa—d, respectively, show the morphologies
of the stainless steel surfaces deposited for 2, 5, 10, and 30 min.
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Fig. 4 Attributed to functional groups of the prepared superoleophobic
surface

a FTIR spectra

b XPS spectra of the chemically deposited microspheres before and after
PFOA modification

c—d C 1 s peaks of the microspheres before and after PFOA modification
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Fig. 5 To adjust and control the wettability of the stainless steel surfaces, the effect of chemical deposition time on oleophobicity
a—d SEM images of the PFOA-modified stainless steel plates with different deposition times, the digital images of four types of liquids placed on these surfaces

(the insets were the images of CAs)

e, f Changes in the CAs and RAs of the PFOA-modified chemically deposited surfaces as a function of chemical deposition time

In comparison, origami-ball-like structures increased and formatted
the hierarchical microsphere textures with the increase of the chem-
ical deposition time. In the view of the nanoscale structures, there
were nearly no changes on the surface structures. At 2 min chemical
deposition time, the CAs of water, glycerol, peanut oil, and hexade-
cane were 158.0°, 162.8°, 147.3° and 146.8°, respectively, after the
PFOA modification. The RAs of water, glycerol, peanut oil, and
hexadecane were 9.45°, 4.34°, 12.92°, and 10.81°, respectively. It
can be clearly seen that the samples showed super-repellence
towards water and glycerol, but only high repellence for peanut
oil and hexadecane which have lower surface tension. With a
longer chemical deposition time, the shape of the four testing
liquids on the samples gradually present as spheres indicating
good superoleophobicity toward these liquids. In addition, the
colour of the deposited layer became black gradually because of
the increased deposition substances with the prolonged deposition
time. Figs. 5e and f show the effect of deposition time on the
CAs and RAs of the PFOA-modified chemically deposited surfaces.
When the chemical deposition time was smaller than 5 min, the
CAs of water, glycerol, peanut oil, and hexadecane all showed an
obvious increase with time and reached 160.3°, 163.3°, 158.7°,
and 157.2° at 5 min, respectively. Nevertheless, the RAs of the
liquids saw a declined trend and got to 6.1°, 4.0°, 4.2°, and 5.4°
at 5 min, respectively. During 5-10 min chemical deposition, the
CAs and RAs were in a relatively stable level without obvious
changes. Moreover, when the chemical deposition time prolonged
beyond 10 min, no changes in the CAs of water and glycerol
appeared, but the CAs of peanut oil and hexadecane were slightly
decreased. The RAs of water and glycerol show a small increase,

stainless steel substr

Fig. 6 Schematics of wetting behaviour of the liquids on the sample surfaces
with different deposition times

a 5-10 min

b >10 min
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but they were still less than 10°, while significant increases
appeared for the RAs of peanut oil and hexadecane. When the
chemical deposition time was 30 min, the RAs of peanut oil and
hexadecane reached 41.3° and 55.7°, respectively.

In terms of the effect of the chemical deposition time on oleopho-
bicity, an explanation was presented here. With the increase of the
chemical deposition time, the number of the micro/nanometre-scale
origami-ball-like structures generated on the stainless steel substrates
was also increased. Those structures formed re-entrant shapes and
the air in the voids between origami-ball-like structures can
support the oily liquids to achieve superoleophobicity, as shown in
Fig. 6a. With the increase of the chemical deposition time, the depos-
ition substances increased from single layer to multiple layers, and
changed from sparse to dense, as shown in Fig. 6b. For hydrophobic
materials, the adhesive force between the liquids and the surface
increased with the real contact area [43]. In this Letter, to a certain
extent, the real solid—liquid contact area increased with the chemical
deposition time, leading to the rise of the adhesive force so that the
RAs were increased. In the view of the difference between the
surface tensions of water, glycerol, peanut oil, and hexadecane, the
RAs of water and glycerol with higher surface tensions increased
only a little with chemical deposition time, whereas the RAs of
peanut oil and hexadecane showed a big growth.

3.2. High/low temperature storage and UV irradiation tests: To
further demonstrate the ability of the obtained superoleophobic

& W 12 4 8
UV irachation timahours

Fig. 7 Water, glycerol, peanut oil, and hexadecane CAs and RAs of the
samples in different circumstances

a Different temperatures for 1 h

b UV irradiation (365 nm, 32 W)
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surfaces on stainless steel substrates to resist complex environment,
high/low temperature storage and UV irradiation tests were carried
out. Fig. 7a shows the water, glycerol, peanut oil, and hexadecane
CAs and RAs of the samples under different storage temperatures
for 1 h. The results clearly showed that the CAs of the four
testing liquids all kept higher than 150° and the RAs all lower
than 10° between a large temperature range, demonstrating that
temperature had little effect on the superoleophobicity. The
surfaces remained superoleophobic even after storing at low and
high temperature environment (e.g. —30 and 100°C), showing
good thermal stability. Fig. 7b shows the water, glycerol, peanut
oil, and hexadecane CAs and RAs of the samples under UV
exposure for different times. It was clearly shown that the CAs
and RAs of the four testing liquids changed little during the UV
irradiation. The reported steel surfaces retained
superoleophobicity after exposure to high/low temperatures and
UV irradiation, indicating that these surfaces have remarkable
durability to harsh environment and great potential for practical
applications.

4. Conclusion: In summary, we developed a facile, efficient and
low cost method to fabricate superoleophobic surfaces on
stainless steel substrates that repel water, glycerol, peanut oil, and
hexadecane, using chemical bath deposition followed by low
surface energy modification. The surface wettability could be
simply controlled by chemical deposition time through adjusting
the surface re-entrant morphologies. Through repeated
experiments, 5 min of chemical deposition is the optimised time
to achieve the highest CAs and lowest RAs of four liquids. The
reported superoleophobic surfaces show remarkable stability
when exposed to high and low temperatures, and UV irradiation
and great potential to be practically applied in harsh environments.
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