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H I G H L I G H T S

• A biomimetic micro-nano structured surface was constructed by plasma spraying.

• Ni20Cr surface can rapidly obtain super-hydrophobicity under vacuum evacuation.

• Saturated hydrocarbon-based residual gas was present in oil-free vacuum systems.

• Selective spontaneous adsorption played main role in wettability transition.

• The reversible wettability transition occurred through vacuum and UV-O3 treatment.
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A B S T R A C T

A coating surface of metallic Ni20Cr with a bionic hierarchical micro-nano scaled structure was fabricated by
shrouded plasma spraying technology. A novel phenomenon was found on the coating surface that the surface
wettability can change from original super-hydrophilicity to super-hydrophobicity with a contact angle of 152°
and sliding angle of 2° by evacuation in oil-free vacuum systems. To clarify the wettability transition mechanism
in vacuum conditions, the microstructure and chemical composition of the coating surface were systematically
investigated. The results revealed that the main reason for the wettability transition was due to the formation of
chemisorbed carboxylates and physisorbed saturated hydrocarbons on the coating surface by selective sponta-
neous adsorption of the residual gas molecules from vacuum environment. The hydrophobic saturated hydro-
carbon chains oriented outward the surface effectively reduced the surface energy and cause a spontaneous
wettability transition. The evacuation process under the vacuum conditions enhanced the adsorption rate on the
coating surface. The degree of wettability transition depended on the amount of the surface adsorbates.

1. Introduction

Wettability is one of the most important properties of solid material
surfaces. Super-hydrophobic surface with a water contact angle higher
than 150° and sliding angle lower than 10° has aroused much attention
[1–3]. Super-hydrophobicity is a common phenomenon present in
nature, where lotus leaf surface represents the most typical matter with
highly stable hydrophobicity and self-cleaning performance [4].
Through the study of lotus leaf, Feng et al. [5] proposed that the super-
hydrophobicity is caused by a combination of micro-nano-fractal
structure and low surface free energy wax on the surface. This means
that the geometrical structure and chemical composition are the two
key factors affecting the surface wettability [6].

Metals and their oxides are the most widely used engineering ma-
terials. Super-hydrophobic properties of metal and oxide surfaces have

potential applications in many industrial sectors, including anti-corro-
sion, anti-icing, oil-water separation and so on [7–9]. The vast majority
of metals and oxides have high surface energy, causing intrinsic hy-
drophilicity [10]. For this reason, in order to use these materials to
produce super-hydrophobic surfaces, it is necessary to modify them by
organic matters with low surface free energy, such as fluorosilanes and
fatty acids [11,12].

It was discovered in the present study that without adding any or-
ganic matters artificially, the metallic coating surface can sponta-
neously switch from super-hydrophilicity to super-hydrophobicity after
testing in some commonly used devices that working under oil-free high
vacuum conditions, such as scanning electron microscopy and X-ray
photoelectron spectroscopy. To the best of our knowledge, some pre-
paration methods of super-hydrophobic surfaces without chemical
modification were all related to vacuum conditions in recently
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published reports. Martinez et al. [13] reported that a cerium oxide
surface converted to hydrophobicity after subjecting an ion sputtering
in the ultra-high vacuum XPS chamber. They attributed the phenom-
enon to the removal of polar groups on the surface by sputtering.
Pedraza et al. [14] observed the phenomenon of long-term relaxation
on the cerium oxide surface in an ultra-high vacuum. They thought the
wettability transition was due to the dehydration of the surface, which
minimized the surface defect and highly reduced the surface energy.
Yan et al. [15] reported that a α-Fe2O3 film became super-hydrophobic
after being exposed in a vacuum chamber, and Long et al. [16] showed
that a copper surface can become hydrophobic after storage in a sealed
vacuum container. They attributed the wettability transition to the
adsorption of the organic oil molecules that came from mechanical
vacuum pumps on the surface. Moreover, some literature showed that
super-hydrophobicity obtained on the metal or oxide surface was due to
the control of the surface structure [17–19]. The mechanisms used to
explain the phenomenon given by the mentioned published reports
were various. However, the reasons for the original hydrophilic surfaces
became super-hydrophobic were aroused by the vacuum itself or the
other factors were still not entirely clear.

In the current paper, shrouded plasma spraying was used for the
fabrication of metallic Ni20Cr alloy coating surfaces. To investigate the
mechanism related to the transition of surface wettability in vacuum
devices, the morphological characteristics and chemical composition of
the surfaces were systematically investigated, respectively. The objec-
tive of the study was to clarify the effect of the vacuum conditions on
surface wettability transition. In addition, this study may provide some
feasibility recommendations for the extensive surface preparation
methods related to the vacuum system to avoid neglecting the effect of
vacuum on surface wettability during the process. Furthermore, the
study was also expected to provide an innovative approach to the
preparation of super-hydrophobic surfaces.

2. Experimental

2.1. Materials

A commercial Ni20Cr powder (PR2111, XianDao, China) was used
as the feedstock. The powder was composed mainly of spherical par-
ticles with size less than 30 μm. A 304 stainless steel plate with di-
mensions of Φ20× 2mm was used as the substrate, which was sand-
blasted and then cleaned with alcohol before coating deposition.

2.2. Preparation of the coating surface

A plasma spraying system (GDP-80, Jiujiang, China) was employed
to deposit coating on the substrate. Fig. 1 shows the schematic diagram
of the setting. The spraying was performed in the atmospheric en-
vironment. An Ar-H2 plasma jet was generated at a plasma arc power of
40 kW. The flow rates of the primary gas Ar and the secondary gas H2

were 50 L/min and 6 L/min, respectively. The powder was fed into the
plasma jet using an internal powder port. N2 was used as the powder
carrier gas that was set at a flow rate of 8 L/min and the powder feed
rate for coating deposition was 20 g/min. A gas shroud component with
argon at a flow rate of 20 L/min was utilized to promote vaporization
and minimize the oxidation of powder particles during in-flight process.
When the particles were fed into the plasma jet with high temperature
and high speed, they melted and then collided and deposited to form a
coating on the substrate.

During the deposition process, the standoff distance from the nozzle
exit to the substrate surface was 125mm. The placement of the sub-
strates was shown in Fig. 1b and they were kept immobile. The spray
gun was controlled by a robot and ran on the set routines at a traverse
speed of 50mm/s. The average deposition time for a single substrate
was about 1.6 s.

2.3. Conditions of the vacuum system

In the present study, two vacuum systems were used in the process
of investigating the wettability transition of the coating surface. The
entire two systems were oil-free. The first one was a vacuum system
from field emission scanning electron microscopy (FESEM, MIRA3
LMH, TESCAN, Czech Republic). The vacuum chamber was evacuated
by a multi-stage pump based on turbo molecular and oil-free dry pump
and pumped down to a pressure of lower than 1.0× 10−2 Pa in 5min.
The second one was a vacuum system from the X-ray photoelectron
spectrometry (XPS, K-Alpha, Thermo Scientific, America). The vacuum
chamber with a pressure of 3×10−5 Pa was evacuated by two oil-free
turbo molecular pumps. During the experiment, these two different
chambers were continuously evacuated to maintain the pressure.

2.4. Characterization

The morphology of coating surface was characterized by field
emission scanning electron microscopy (FESEM, MIRA3 LMH, TESCAN,
Czech Republic) and laser scanning confocal microscope (LSCM,
VK9700K, Keyence, Japan). Surface roughness (Ra) of the coating was
detected by LSCM.

Static contact angle and sliding angle measurements were carried
out using a contact angle instrument (JC2000C4, Shanghai Zhongchen
Digital Technic Apparatus Co., Ltd., China) under room temperature.
The volume of a freshly distilled water droplet used for the measure-
ment was 5 μL. The static contact angle was measured using a typical
sessile drop method by dropping a water droplet on the surface under
static condition, while the sliding angle was measured by putting a
water droplet on the horizontal surface and then tilting the surface until
the droplet began to move. At least five droplets were used to measure
the various locations of each sample.

The diffuse reflection Fourier transform spectroscopy (DRIFTS,
Vertex70, Bruker, Germany) with a resolution of 4 cm−1 and 128 scans

Fig. 1. Schematic diagram of shrouded plasma spraying. (a) The setting and (b) the work directions.
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was used to analyze the chemical composition of the coating surface. X-
ray photoelectron spectrometry (XPS, K-Alpha, Thermo Scientific, US),
in conjunction with argon ion etching (2000 eV, 10 μA), with a standard
Al Kα radiation of 1486.68 eV was used to determine the content of the
elements and chemical composition on the coating surface. The binding
energy was calibrated using C 1s peak (284.6 eV).

UV-O3 cleaning equipment (PSD, Novascan, US) was used to ir-
radiate coating surface at room temperature. Low-pressure grid-Hg
lamp can produce high-intensity UV light at 185 nm and 254 nm.

3. Results and discussion

3.1. Surface morphology of the Ni20Cr coating

Fig. 2a, b shows the typical surface morphology of Ni20Cr coating at
the as-sprayed state. Combining with the observation of three-dimen-
sional morphology obtained by LSCM shown in Fig. 3, it can be found
that numerous micrometer-size large protrusions were randomly dis-
tributed on the coating surface. The relatively formed large protrusions
were caused by the deposition of molten particles, and the smaller ones
were the splashes produced by high-velocity collision of the particles.
The average surface roughness was 7.7 ± 0.2 μm.

It is worth noting that a large number of uniformly and densely
distributed cluster structures covered the entire coating surface, as
shown in Fig. 2c, d. The cluster structures had villous-like features, and
the size of them was significantly less than the original size of the
feedstock particles. Further, detailed structural information of the vil-
lous-like structures was characterized using the transmission electron
microscope (TEM), as shown in Fig. 4. The result showed that the vil-
lous-like structures were actually consisted of a large number of sphe-
rical nanoparticles with size less than 100 nm, and the size distribution
of the nanoparticles was not uniform. As a result, the villous-like
structures were nanoscale. It has been suggested that metallic elements,
such as nickel and chromium, can evaporate during the high-

temperature of plasma spraying and the resulting nanostructures were
due to the physical deposition of the vapors [20,21]. The formation of
nanostructures has been discussed in detail in the previous report [22].

Overall, the results from the morphological studies suggested that
Ni20Cr based coating surface had a hierarchical structure composed of
two layers: micro-potrusions and nano-villous, which is very similar to
the structure of the super-hydrophobic lotus leaf surface [4,23].

3.2. Surface wettability transition in vacuum condition

The freshly as-sprayed Ni20Cr coating surface was in super-hydro-
philic state that water droplet can rapidly penetrate into the surface
with a contact angle of 0°. However, a reproducible unknown phe-
nomenon was observed that the surface can switch from original super-
hydrophilicity to hydrophobicity or even super-hydrophobicity after it
was tested by some devices that working under high vacuum condition,
such as scanning electron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS).

In order to exclude the effect of the electron beams in SEM or the X-
rays in XPS on surface wettability transition, the coating was only
evacuated in the vacuum chamber of SEM without performing a cor-
responding detection step and other additional treatments. It can be
seen from Fig. 5 that the surface wettability underwent a transition
after evacuation, which proved that the changing in surface wettability
was only related to the evacuation process under vacuum.

As can be seen from the measurement results, the varying degree of
the surface wettability was depended on the different durations of
evacuation. The water contact angle of the surface rapidly changed to
92.3 ± 0.8° when the evacuation time was 1 h, but the droplet cannot
slide on the surface even when the coating was turned upside down, the
surface was in a hydrophobic state. After 2 h of evacuation, the water
contact angle on the surface reached 143.7 ± 0.4°. It is worth men-
tioning that the droplet can slide on the surface with a sliding angle of
16.0 ± 0.5°. By increasing the time, the surface achieved super-

Fig. 2. Morphologies of Ni20Cr coating surface at different magnification.

J. Li et al. Materials Chemistry and Physics 219 (2018) 292–302

294



hydrophobic state when time reached more than 4 h. The super-hy-
drophobicity was pretty stable when evacuation time further in-
cremented. The recorded surface contact angle was 152.1 ± 1.1°, and
the sliding angle was 2.0 ± 0.3° when the coating was evacuated 5 h.

3.3. Surface chemical analysis

Observations showed that there was no change in surface mor-
phology after the evacuation in the vacuum chamber of SEM. As the
structure and chemical composition are the two crucial factors

influencing the surface wettability, the main reason for the wettability
transition was most likely related to the change in surface chemical
state.

DRIFTS detection was used to get the information of chemical
composition on the coating surface. The absorbance spectra of the
coating surface in freshly as-sprayed state and after vacuum evacuation
with different time are shown in Fig. 6.

The spectrum of freshly as-sprayed state revealed the occurrence of
oxidation on the coating surface during the preparation process, where
the absorption peak located below 1000 cm−1 was attributed to metal

Fig. 3. Three-dimensional topography of the Ni20Cr coating surface observed by LSCM.

Fig. 4. TEM image of the nanoparticles that formed the villous-like cluster structures.
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oxide [24]. Because of the high temperature of plasma jet and the large
amounts of oxygen in ambient air, plasma spraying was accompanied
by oxidation reactions of materials even with a shroud protection.
Oxides mainly formed during the in-flight stage after leaving the shroud
and the post-depositional stage [25]. Hydroxyls were also detected on
the as-sprayed surface, where the broad band around 3400 cm−1 was
assigned to hydrogen bonding of O-H [26]. It is reported that metallic
oxides are often covered with OH groups [27]. Since the surface free
energy of hydroxyl and metal oxide is higher than that of water
(72.8 mNm−1 at ∼22 °C), combined with the capillary effect caused by
the rough hierarchical structure, the as-sprayed coating surface pre-
sented super-hydrophilicity in the initial state [28,29].

As shown in Fig. 6a, the variation of each coating surface after va-
cuum evacuation with different time was evaluated by comparing the
spectral results obtained after normalization. Some strong new peaks
appeared on the surface and the peak intensity gradually increased with
the extension of evacuation time, indicating that the content of these
functional groups gradually increased.

Fig. 6(b and c) show the absorbance spectra of the coating surface
after 5 h of evacuation. In the high-frequency region around
3000 cm−1, two peaks at 2926 cm−1 and 2856 cm−1 were attributed to
the asymmetric and symmetric stretching vibrations of the CH2 in the
saturated hydrocarbons, respectively. The peak at 2960 cm−1 was as-
signed to the symmetric stretching vibration of the CH3 group at the
terminal of the saturated hydrocarbon chain [30,31]. The weak peaks
detected in 1462, 1370, and 1309 cm−1 correspond to the CH3 asym-
metric deformation, CH3 symmetric deformation, and CH2 off-plane
coiling vibration (Fig. 6c). The results showed that saturated hydro-
carbon chain-containing substances or saturated hydrocarbons might
appear on the coating surface.

In the low-frequency region, another two strong new peaks were
observed at 1554 cm−1 and 1416 cm−1, which were ascribed to the
asymmetric and symmetric stretching absorptions of the carboxyl
(COO), respectively. This demonstrated the formation of carboxylates
on the surface after the evacuation process [11]. According to the re-
ports [32,33], the frequency separation Δν= νas(COO)-νs(COO) can

elucidate the coordination mode of the carboxylates. The carboxylates
with the value of Δν closed to 150 cm−1 should belong to bidentate
bridging complexes. Since only the absorption peaks related to satu-
rated hydrocarbon groups were detected in addition to the carboxyl
group, the terminal chain of the carboxylate molecules should be a
saturated hydrocarbon chain.

According to the above results, the emerging absorption peak in-
dicated that the carboxylates should exist on the coating surface after
vacuum evacuation, while the existence of alkanes on the surface need
further discussion in Section 3.5.

It has been reported that the surface free energy of hydrocarbon-
only chain was as low as 24mNm−1 [12]. In general, the number of
carbon atoms in the hydrocarbon chain exceeds 10 can provide hy-
drophobic property. As a result, the wettability transition of the coating
surface after the evacuation thanks to the newly emerging hydrophobic
saturated hydrocarbon chains. With the increase of their content, the
surface wettability gradually changed from super-hydrophilicity to
super-hydrophobicity.

3.4. The source of the surface adsorbates

In order to further clarify the source of the adsorbates on the coating
surface during vacuum evacuation process and to investigate whether
the reasons for the surface wettability transition in different oil-free
vacuum systems were the same, the XPS equipment operating under
ultra-high vacuum conditions was used to carry out the relevant test.

An in-situ XPS test was designed to analyze the as-sprayed coating
surface. During the process of in-situ XPS test, the coating surface was
subjected to argon ion etching for 30 s. Argon ion etching was used to
remove a certain extent of the contaminants, especially the carbon-
containing substances already adsorbed on the as-sprayed coating sur-
face. After that, the sample was exposed in the continuous evacuated
high vacuum chamber of XPS for a certain period of time up to 5 h.
Fig. 7 shows the XPS survey spectra of the surface in two states: i) the
initial stage after etching and ii) after the evacuation. Throughout the
detection process, the same area on the coating surface was subjected to

Fig. 5. The variation schematic of water contact angle and sliding angle of the Ni20Cr coating surface after vacuum evacuation with different time. Inset images are
showing the water contact angle corresponding to different evacuation time.
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detection.
From the results, the Ni20Cr coating surface was mainly made of Ni,

Cr, O, and C element. The C atomic content relative to the metal (Ni and
Cr) atomic content, represented by the atomic ratio C/M, was used to
measure the relative content of adsorbed carbon-containing organic
matter on the coating surface [34]. Comparing the proportions of each
element between the two spectra, the ratio of C/M rose from 1.32 after
argon ion etching to 2.34 after 5 h of evacuation, which indicated that
the coating surface adsorbed the carbon-containing substances during
the evacuation in the vacuum chamber. The results clearly demon-
strated that the residual gas of carbon-containing substances existed in
the vacuum system maintained by the oil-free vacuum pump, and the
source of the emerging adsorbates on the surface were derived from the
vacuum system.

The decomposition of the high-resolution C 1s and O 1s peaks were
performed to further analyze the state of carbon-containing adsorbates
on the surface. Fig. 8(a and b) represent the deconvoluted spectra from
the C 1s, which were resolved into four contributions with binding
energies of 284.6, 286.3, 287.5, and 289.0 eV, corresponding to C-C/C-
H, C-O, C=O, and COO−, respectively [16,34]. The O 1s spectra shown
in Fig. 8(c and d) were resolved into three peaks centered at 530.9,
532.3, and 534.0 eV from M-O-M (the lattice oxygen), M-OH (the
oxygen peak associated with hydroxyls) and COO− (the oxygen peak
associated with carboxyl), respectively [34].

From C 1s spectra of the coating surface after etching and evacua-
tion, it was confirmed that the content of C-C/C-H was predominant.
Therefore, with the increase of total carbon content after vacuum

evacuation, the content of C-C/C-H increased on the surface as well.
Moreover, obtaining from calculation of the spectral peak areas, the
relative content of COO− was 4.6% recorded for the etching state
(Fig. 8a), increased to 8.7% after vacuum evacuation (Fig. 8b), which
indicated that the adsorbates containing COO− was accumulated on the
surface during the evacuation. The O 1s spectra further confirmed the
increase of COO−. The relative content of COO− was increased from
26.5% recorded in the etching state (Fig. 8c) to 33.1% after evacuation
(Fig. 8d). The above result was consistent with the increase of the
content of saturated hydrocarbon chains and carboxyl groups in DRIFTS
spectra of the surface after evacuation in the SEM vacuum system.

Furthermore, the analysis of the contact angle and the DRIFTS on
the coating surface after in-situ XPS detection was also carried out. The
surface showed super-hydrophobicity. The absorption peaks appeared
on the surface presented in Fig. 9 was consistent with that appeared on
the surface experienced the evacuation in the SEM vacuum system. As a
result, the substances spontaneous adsorbed on the surface who caused
the wettability change was similar in different oil-free vacuum systems.

Based on the published reports [35], the volatile hydrocarbons and
their derivatives exist everywhere in air and their concentration is ty-
pically parts-per-million. In the oil-free vacuum systems, the hydro-
carbons and their derivatives may be introduced from the air since the
chamber has to be opened during the sample exchange. In vacuum
systems, they can present in gaseous form or be adsorbed on the inner
walls of the chamber. Due to their low vapor pressure, they are difficult
to extract in the vacuum space [36]. In addition, the substances ad-
sorbed on the inner wall of the chamber will also gradually release with

Fig. 6. DRIFTS absorbance spectra of the coating surfaces. (a) The evolution of absorbance spectra of the coating surface before (as-sprayed) and after vacuum
evacuation with different time after normalization. (b, c) The absorbance spectra of the coating surface after vacuum evacuation treatment for 5 h.

J. Li et al. Materials Chemistry and Physics 219 (2018) 292–302

297



evacuation. Roediger et al. [37] have confirmed the presence of hy-
drocarbons in an oil-free SEM vacuum system by the detection through
mass spectrometry. Therefore, hydrocarbon contamination was un-
avoidable in high vacuum or ultra-high vacuum, although the entire

system was designed to be oil-free and hermetically sealed [38]. Since
these residual gases were derived from the air, the surface adsorbates in
different oil-free vacuum systems were similar.

3.5. The mechanism of spontaneous adsorption

As a comparison, the coating surface was placed in the SEM vacuum
chamber for 5 h without continuous evacuation. When the chamber
pressure was reduced to lower than 1×10−2 Pa, the vacuum pump
was closed and the vacuum system entered standby mode. The chamber
pressure was increased to 1×10−1 Pa during the sample placement.
After the above process, the coating surface still showed super-hydro-
philicity with a contact angle of 0°. The result reflected that the content
of the adsorbates on the surface was not sufficient to cause a greater
change in surface wettability. It also showed that the continuous eva-
cuation in the vacuum system can accelerate the spontaneous adsorp-
tion on the surface.

The mechanism of spontaneous adsorption on the coating surface
during vacuum evacuation was shown in Fig. 10. From the result of

Fig. 7. Survey spectra and element content detected by in-situ XPS test on the
as-sprayed coating surface. The surface (a) immediately after argon ion etching
and (b) after the continuous evacuation for 5 h.

Fig. 8. Deconvolution of the XPS C 1s of the as-sprayed coating surface (a) immediately after argon ion etching and (b) after the continuous evacuation for 5 h.
Deconvolution of the XPS O 1s of the as-sprayed coating surface (c) immediately after argon ion etching and (d) after the continuous evacuation for 5 h.

Fig. 9. The DRIFTS spectrum of the coating surface after evacuation in the XPS
vacuum chamber for 5 h.
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DRIFTS shown in Fig. 6a, the freshly as-sprayed coating surface con-
tained oxides and hydroxyl groups, which showed a polar nature. Due
to the presence of a large number of polar molecules in air, physical
adsorption layers will form on the coating surface consisted of water,
organic contaminants, and other compounds based on carbon, oxygen
and sulfur [39]. The physical adsorption layers enabled the surface to
be in a relatively stable state. New substances must replace or cover the
existing physical adsorbed molecules that can make the adsorption
process occur, thus the adsorption rate was very low under normal
conditions.

During the continuous evacuation process in this study, physical
adsorbates on the coating surface can be desorbed from the viewpoint
of adsorption theory [40]. Once the surface was placed in a vacuum
chamber with evacuation, desorption of physical adsorbates occurred,
the balance of the surface was broken, the surface became unstable. The
surface has to adsorb new substances to reduce its surface energy and
recover the stability immediately [29]. Therefore, evacuation process
broke the equilibrium state of the surface, causing the spontaneous
adsorption on the surface and also improving the speed of adsorption
process.

As can be seen from Figs. 6a and 8(c, d), the content of hydroxyl
groups on the coating surface almost no changed after the vacuum
evacuation. The results showed that vacuum evacuation treatment can
only remove the physical adsorbates on the surface, while the hydroxyl
groups presented on the surface by chemical bonding were difficult to
be desorbed during the evacuation process. Therefore, when desorption
of physical adsorption layers occurred, the oxides and the hydroxyls
with polar nature directly exposed to the vacuum environment.

Saturated hydrocarbons are non-polar molecules. Since non-polar
molecules and their heterosexual molecules are mutually exclusive,
theoretically saturated hydrocarbon molecules cannot preferentially
adsorb on the coating surface at the initial stage during vacuum eva-
cuation.

The results of DRIFTS and XPS detection demonstrated that the
carboxylates containing saturated hydrocarbon chains existed on the
coating surface during vacuum evacuation. According to these ad-
sorbates, it can be speculated that they were formed based on the acid-
base reaction between metal ions and amphiphilic saturated hydro-
carbon derivatives [41]. The weak stretching vibration of carbonyl
(C=O) and C-OH appeared on the evacuation treated surface (Fig. 6c),
and the content of C-O and C=O from the deconvolution of the C 1s
increased on the surface after vacuum evacuation (Fig. 8a, b) further
proof the existed of the unreacted hydrocarbon derivatives.

It has been reported that incompletely coordinated metal cations
usually exist on the metal oxide surface. Nanostructures with a large

number of defects on the coating surface can cause the surface having
many incompletely coordinated metal cations. Metal cations have a
strong electron-accepting nature. Aliphatic compounds such as ester
and carboxylic acid can react with these sites spontaneously and form
the chemisorbed carboxylates [41,42]. Therefore, when the physical
adsorption layers were removed by evacuation, metal cations on the
oxide surface were directly exposed to the vacuum. The amphiphilic
hydrocarbon derivative molecules from the vacuum residual gas can
spontaneously undergo chemical adsorption on the surface.

Meanwhile, due to the exposure of polar oxides and hydroxyl groups
on the surface, other polar residual gas molecules in vacuum can also be
attracted to physically adsorb through van der Waals forces or hy-
drogen bonds. However, their binding forces are relatively weak. The
physical adsorbed molecules can easily be desorbed and replaced by
other molecules. Therefore, the amphiphilic hydrocarbon derivatives
will preferentially adsorb on the surface to form a stable monolayer
carboxylate adsorption layer based on the driving force of the chemical
reaction.

Further, the results of DRIFTS in Fig. 6a showed that when vacuum
evacuation was applied for more than 2–3 h, the content of the carboxyl
groups on the surface was no longer changed with time. This is due to
the fact that the chemically adsorbed carboxylate on the surface be-
longs to monolayer adsorption. When the reaction sites were exhausted,
the content of carboxylate adsorption will reach saturation. However,
DRIFTS results showed that the content of hydrocarbon groups having a
continuously increasing trend. This indicated that in addition to the
saturated hydrocarbon chains in the carboxylates through chemisorp-
tion, the surface was also accompanied by physisorption of saturated
hydrocarbons during vacuum evacuation. Since the saturated hydro-
carbon chains in the preferentially adsorbed monomolecular carbox-
ylate are non-polar, they extend outward from the surface, affecting not
only the surface wettability but also the subsequent adsorption beha-
vior of the surface. Non-polar saturated hydrocarbon chains can adsorb
non-polar residual gas molecules to form subsequent physical adsorp-
tion layers. Therefore, under the effect of chemisorption and sub-
sequent physisorption, the coating surface can preferentially adsorb
residual gas molecules containing hydrophobic hydrocarbon groups in
vacuum, which led to the change in surface wettability.

Based on the above analysis, it is worth emphasizing that the ad-
sorption on the metal oxide surfaces during vacuum evacuation was an
inevitable phenomenon and has a strong selectivity feature.

3.6. Reversible wettability transition of the coating surface

It was found that when the prepared super-hydrophobic coating

Fig. 10. Schematic diagrams of the spontaneous adsorption process on the coating surface during vacuum evacuation.
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surface by vacuum evacuation was irradiated in a UV-O3 device for 1 h,
the surface can be restored to the original super-hydrophilic state. After
evacuation in the vacuum for 5 h again, the surface was able to recover
the super-hydrophobicity. This process can be repeated several times as
shown in Fig. 11. The coating surface showed a good reversible tran-
sition between super-hydrophobicity and super-hydrophilicity by va-
cuum evacuation and UV-O3 treatment.

Through the observation, surface morphology was not damaged by
UV-O3 treatment. Analysis showed that the super-hydrophobicity was
attributed to the adsorbates containing saturated hydrocarbon chain on
the coating surface. Therefore, the disappearance of the hydrophobic
performance was due to the loss of these hydrophobic functional groups
by UV-O3 treatment. During the UV-O3 treatment, the ozone from the
air can be decomposed to the active oxygen atoms with strong oxidizing
property, who was able to oxidize the adsorbates especially the hy-
drocarbon chains on the surface and generated CO, CO2, H2O and so on
[43]. When the surface was subjected to vacuum evacuation again,
some residual physisorbed substances formed by UV-O3 treatment on
the surface can be removed. Then, the exposed metal oxides can se-
lectively spontaneous adsorb the residual gas in the vacuum again,
leading the surface obtained super-hydrophobicity.

3.7. Stability of the super-hydrophobic surface

Stability of the super-hydrophobic coating surface has a significant
impact on the practical applications. To evaluate the stability, the
coating was exposed for about one month in an outdoor environment at
a temperature range from −9 to 13 °C and a relative humidity of
23%–92%.

Fig. 12 depicts the variation of both the contact angle and the
sliding angle of the surface at different exposure times. Slight fluctua-
tion occurred on the super-hydrophobicity of the surface, demon-
strating the long-term stability of the treated surface under the external
environment. After the evacuation treatment, non-polar molecules were
adsorbed on the outmost layer of the super-hydrophobic coating sur-
face. The exposition of the coating to the atmosphere repelled polar
molecules, such as water vapor, prevented re-adsorption of hydrophilic
substances. Therefore, the surface could maintain the super-hydro-
phobic state.

4. Conclusions

In the present paper, the mechanism of wettability transition on the
Ni20Cr coating surface in the devices working under vacuum system

Fig. 11. Reversible wettability transition of the coating surface. (a) Images of a water droplet on the coating surface after vacuum evacuation and UV-O3 treatment,
respectively. (b) Switching between super-hydrophobicity and super-hydrophilicity on the coating surface through vacuum evacuation and UV-O3 treatment.
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has been clarified. The transition was attributed to the formation of
chemisorbed carboxylates containing hydrophobic saturated hydro-
carbon chains and physisorbed saturated hydrocarbons on the coating
surface through the selective spontaneous adsorption from the vacuum
residual gas molecules, while evacuation process enhanced the ad-
sorption rate. With this work, we understood more about the impact of
the vacuum conditions for the surface wettability. In different oil-free
vacuum systems, the spontaneous adsorption of the metal oxide surface
was unavoidable, while the adsorption process was selective and the
surface adsorbates were similar. Based on the adsorption and deso-
rption of the surface adsorbates, the coating surface had a good re-
versible transition between super-hydrophobicity and super-hydro-
philicity through vacuum evacuation and UV-O3 treatment.
Furthermore, the coating with super-hydrophobicity showed a long-
term stability under outdoor conditions.
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