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Abstract: The superhydrophobic and anti-icing properties of copper-based materials have been
widely concerned. Laser texturing followed by thermal oxidation is a method to prepare durable
CuO nanowires on Cu substrate. Rich CuO nanowires on micro-structures are required to meet its
applications for anti-icing based on sustaining better Cassie–Baxter state stability. In this paper, dense
CuO nanowires are obtained by additional laser post-treatment between the laser texturing and
thermal oxidation. Uniform Cu2O and CuO layers form on the micro-structures by the laser post-
treatment, which serves as the precursors for the growth of nanowires. The density of CuO nanowire
increases from 44.3% to 61.4%, resulting in excellent superhydrophobicity and anti-icing performance.
The delayed freezing time increases from 17 s to 1519 s at the temperature of −10 ◦C, which is
more than 80 times longer compared to pure Cu substrate. The resulting anti-icing property shows
durability through icing–melting cycles and taping tests. This feasible method opens new possibilities
for enhanced anti-icing property on copper-based equipment used in low-temperature environments.

Keywords: CuO nanowires; laser treatment; thermal oxidation; anti-icing; superhydrophobicity

1. Introduction

Copper and its alloys are widely used in daily life, such as in buildings [1], ocean
engineering [2], and aircraft [3], owing to their high electrical conductivity, thermal con-
ductivity, corrosion resistance, and some unique other physical and chemical properties.
In low-temperature conditions, water molecules are easy to aggregate and freeze on the
copper-made components due to their high surface energy [4,5], which brings serious side
effects on the stability and property of equipment [6–12]. Traditional anti-icing/deicing
methods are developed based on active strategies, such as using thermal [13,14], over-
current [15], short circuit [16], loading [17], high-frequency pulse current heating oscillation,
and laying heating conductors [18], which lead to excessive energy consumption. Hence,
many researchers [19–22] focus on superhydrophobic surfaces for enhancing anti-icing as
a passive strategy by decreasing heat transfer efficiency to delay the nucleation of water
and reduce the icing adhesion. Superhydrophobic materials can remain entirely ice-free
down to −25 to −30 ◦C, due to their ability to repel impacting water before ice nucleation
occurs [19]. Jiang et al. [4] fabricated the different microstructures on copper substrate via a
femtosecond laser, which delayed the ice formation at temperatures of −5 ◦C and −10 ◦C.

Recently, many methods have been developed to obtain superhydrophobicity on
copper-based surfaces mainly including wet chemical etching, oxidation, electrodeposition,
and immersion [23–26]. Limited by durability and other shortcomings, it has not been
promoted and widely used. Laser texturing is a promising approach to structure metal sur-
faces precisely to enhance their functional performances [27–29]. Combined with thermal
oxidation, it is considered to be an effective method for constructing durable micro/nano-
structures on the copper surfaces. Xu et al. [30] employed nanosecond laser ablation on
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Cu sheet coupled with subsequent thermal oxidation to form hedgehog-like, high-density,
and dual-scale micro/nano-structures, which exhibit boosted interfacial adhesion with
favorable stability. Khew et al. [31] presented the use of a pulsed 1064 nm laser texturing to
significantly improve the adhesion and sturdiness of CuO nanowires array on Cu foil with
laser fabricated micro-holes. Yan et al. [32] achieved stable superhydrophobicity on Cu
with apparent advancing contact angles of 160◦ and contact angle hysteresis as low as 20◦

by utilizing the laser processing and thermal oxidation of copper, followed by repeatable
and passive atmospheric adsorption of hydrophobic volatile organic compounds. Such
works demonstrate the feasibility of the method of laser texturing combined with thermal
oxidation to fabricate durable micro/nano-structures on Cu substrate to meet specific
application requirements.

Rich CuO nanowires are required on the surfaces of micro-structures to sustain hy-
drophobicity at sub-zero temperatures for enhancing the anti-icing property. In this paper,
laser post-treatment is coupled between the laser texturing and thermal oxidation to fab-
ricate dense nanowires. The additional processing improves the density of nanowires.
The enhanced anti-icing performance of as-prepared samples is revealed by delaying the
freezing time of droplets effectively at a low temperature. The function and morphology
of the surface are proved to be durable and robust via icing–melting cycles and tape tests.
The rich CuO nanowires endowed with the facile fabrication strategy, enhanced anti-icing
performance, as well as boosted durability, initiate the path toward new applications at a
low temperature.

2. Results
2.1. Surface Morphology and Wettability

As shown in Figure 1, a micro-column array is fabricated by laser texturing on Cu
substrate. Then, one group of samples is directly treated by thermal oxidation as a control
group. The other group is processed by an additional laser post-treatment. Two repre-
sentative samples are compared with same processing parameters in laser texturing and
thermal oxidation.
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Figure 1. Schematic of rich CuO nanowire fabrication via laser texturing, laser post-treatment, and
thermal oxidation (LT–LPT–TO).

The SEM images of the 50LT–4TO and 50LT–LPT–4TO samples are shown in Figure 2a,
which shows the difference in surface topography with or without the laser post-treatment.
It can be seen from Figure 2(ai) that the CuO nanowires grow well in the laser texturing
region. However, on the upper surface of the micro-column, the CuO nanowires do
not grow all over the surface. In the laser texturing process, compressive forces can be
created by the vapor and plasma plume, leading to the expulsion of a molten pool of
materials. A portion of the liquefied material is resolidified and accumulates to cover the
surrounding non-processed areas. However, this process cannot form uniform CuO and
Cu2O layers on the upper surface of the micro-column, which is key to promote the growth
of CuO nanowires, for example, in the defective areas marked on the SEM image, the CuO
nanowires barely grow. In Figure 2(aii), the laser post-treatment is coupled to modify the
textured surface. The defective areas are significantly reduced or even disappear on the
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upper of the micro-column and are covered by CuO nanowires. In the insets, the statistical
images demonstrate the density of nanowires, which increases from 44.3% to 61.4%. In
addition, processing parameters in laser texturing and thermal oxidation are optimized
to obtain better superhydrophobicity and anti-icing performance. The SEM images of all
samples with different surface morphologies are shown in Figure S1, with the influence of
different scanning intervals on surface morphology at the same heating time (4 h). Three
parameters of scanning intervals are selected as 30 µm (30LT), 50 µm (50LT), and 60 µm
(60LT). Different scanning intervals lead to micro-columns with different sizes, which are
the base for the growth of CuO nanowires. Figure S1a shows that the upper surface of the
micro-column cannot be modified by laser texturing and the CuO nanowires grow sparse
with the increase in scanning interval. It can be observed in Figure S1b that the nanowires on
the top of the micro-column are denser after the laser post-treatment in different processing
parameters. Figure S2 shows the influence of different thermal oxidation time at the same
scanning interval (50 µm). With the increase in heating time, the CuO nanowires grow
longer on the surface of the micro-column. As shown in Figure 2b, the diameter and length
of CuO nanowires of the 50LT–LPT–4TO sample are about 50 nm and 7 µm, respectively.
The CuO nanowires cannot cover all upper surface of the micro-column. It is concluded
that the laser texturing samples cannot grow rich CuO nanowires on the upper surface
of the micro-columns by regulating the laser scanning interval and heating time. It is
attributed to little modifications of the micro-column surface by laser texturing. The Cu2O
and CuO layers cannot fully form, whose presences are the key to promote the growth of
nanowires. From the oblique view in Figure S3, the length and density of the nanowires can
be estimated at a tilting angle of 40◦. A comparison with the surface topography without
the laser post-treatment is presented in Figure S4. The laser post-treatment makes the
roughness of the micro-column upper surfaces decrease significantly as shown in Figure S5.
The structures are changed by the laser post-treatment, which is beneficial to the growth of
CuO nanowires. Especially on the upper surface of the laser textured micro-column, the
laser post-treatment makes the CuO and Cu2O layers fully grow over the surface, which
serves as the precursors for the growth of nanowires [31]. In Figure S6, the depths of the
50LT and 50LT–LPT samples are measured as about 56.9 µm and 42.5 µm, respectively. It
indicates that laser post-treatment ablates the rough structures on the upper surface of the
micro-column. Meanwhile, the increase in nanowires on different samples is demonstrated
by statistical images in Figure S7. It is concluded that the additional laser post-treatment
increases the density of the CuO nanowires.

The wettability changes with or without the laser post-treatment are shown in Figure 2c.
The CA and SA are measured after the IPA treatment, which obtains the low surface-energy
in a short time. The wettability without the laser post-treatment is greater, in which the
water droplet sticks on the surface. The possible reason is that some areas on the upper
surface of the micro-column cannot be modified by the laser texturing, causing a lower
density of CuO nanowires. The defective area without the nanowires has high adhesion
to droplets, which shows the Wenzel state [33], causing great wettability. The shaded
portion of the bars shows the change in wettability after the laser post-treatment. In general,
the wettability of all samples is obviously decreased. The superhydrophobicity can be
achieved at every laser scanning interval and heating time after the laser post-treatment.
The SA becomes significantly lower due to rich CuO nanowires on the micro-column
surface, which indicates that the water droplet appears as the Cassie–Baxter state [34,35]
with air in micro-structures. The CA increases and then decreases with the change of
thermal oxidation, reaching the peak value at the heating time of 4 h. Combined with SEM
images in Figure S2, the length of many CuO nanowires on the micro-column surface can
be estimated as 5 µm when the heating time is 6 h. The wettability is decreased slightly.
Similarly, the SA gradually decreases at first, reaches the peak value, and then increases
with thermal oxidation time. The CuO nanowires grow longer as the thermal oxidation
time increases, causing the SA to increase. It may be because too long nanowires limit
the water droplet to roll off. When the scanning interval is 50 µm and the heating time
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is 4 h, the wettability can be optimized with a CA of 164◦ and a SA of 2◦. Regulating
the laser scanning interval and heating time cannot achieve superhydrophobicity on the
surface without the laser post-treatment. Coupling the laser post-treatment between the
laser texturing and thermal oxidation could significantly decrease the wettability.
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Figure 2. (a) SEM images of surface morphology by laser texturing and thermal oxidation (i) without
and (ii) with laser post-treatment. (b) Diameter and length of CuO nanowires of 50LT–LPT–4TO
sample. (c) Comparison of surface wettability: contact angles on the left chart and sliding angles on
the right chart.

Thermal oxidation is used to grow CuO nanowires. As shown in Figure 3a, after the
laser processing of Cu substrates, a layered structure is formed, including CuO in the top
layer, Cu2O in the middle layer, and Cu sheet at the bottom [36]. Compressive stress is gen-
erated in the lower surfaces of the Cu2O/CuO layer resulting in a stress gradient from the
Cu-Cu2O interface. Cu atoms migrate from the Cu-Cu2O interface to the CuO-air interface
as the oxidation continues. Stress-driven grain boundary diffusion induces the growth of
nanowires on the Cu surface. Cu atoms diffuse subsequently along nanowires, simulta-
neously react with the oxygen, and form new CuO at the tips of CuO nanowires [37–39].
Therefore, the formation of CuO and Cu2O layers is important for the growth of nanowires.
Without laser post-treatment, Cu atoms will diffuse toward the laser-textured area rather
than the upper surface of the micro-structure. In Figure 3b, the surfaces are characterized
via EDS. The content of oxygen is increased after laser post-treatment, which supports
the formation of the Cu2O/CuO layer. Laser post-treatment forms homogenized layers
resulting in denser growth of nanowires. The heating temperature and time are impor-
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tant parameters to control the growth process, which affects the morphology of CuO
nanowires [39–42]. The heating temperature of CuO NWs is set as 550 ◦C and the heating
time varies from 2 to 6 h to form different lengths. Traditional thermal oxidation technology
has a serious problem in that the thermal stress [43] caused by high-temperature heating
may lead to the cracking of CuO nanowires films. In the process of thermal oxidation of the
pure copper surface, the newly generated CuO nanowires/layer will likely fall off directly
in the cooling process due to the relatively fast cooling rate. The micro/nano-structure
is constructed firstly via laser texturing, which releases the thermal stress into the free
space, reduces the generation of thermal stress, and prevents cracking and stripping, which
obviously reduces the risk of shedding the oxide layers [31]. Uniform Cu2O and CuO layers
are fully formed by the laser post-treatment [43], which exist in the form of precursors in the
growth process of CuO nanowires. The micro/nano-structure morphology of the substrate
affects the initial position and growth direction of nanowires. Therefore, even if the thermal
oxidation parameters are the same, different micro-structures can form nanowires with
different densities. Due to the change in the growth of nanowires, the diffusion of Cu atoms
in the oxidation is also affected. Therefore, the laser post-treatment is coupled to make
CuO and Cu2O layers more uniform on the micro-structures, leading to rich and dense
nanowires growth.
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2.2. Anti-Icing Performance

The delayed freezing time is recorded to assess the anti-icing abilities of different
samples on a self-made cryogenic test platform. Figure 4a shows the freezing process of
water droplets on the surface of pure Cu, 50LT–4TO, and 50LT–LPT–4TO samples. On the
pure Cu surface, the droplet rapidly begins to freeze at 14 s and complete freezing at 17 s
as the temperature of the cooling platform is −10 ◦C. The CA of the pure Cu surface is
61◦ which means a large contact area between substrate and water. It increases heat loss
from water droplet to the cold substrate. The 50LT–4TO sample has a better hydrophobic
performance. The delayed freezing time is extended to 44 s, which is nearly three times
longer compared to the pure Cu. After the laser texturing and thermal oxidation, plenty of
micro-column arrays and CuO nanowires form on the surface. However, CuO nanowires
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grow incompletely on the upper surface of the micro-column. The morphology feature of
the upper surface has more influence on the solid–liquid contact area. Combining with
the wettability, the value of SA indicates the droplet is in the transitional state between
the Wenzel model and the Cassie–Baxter model. When the temperature decreases, the
wettability deteriorates and the state changes to the Wenzel model, shortening the freezing
time of the droplet. The 50LT–LPT–4TO sample increases the start freezing time to 1470 s,
which is 105 times longer than pure Cu and 43 times longer than the 50LT–4TG sample.
The laser post-treatment is a key process to perfect the morphology of nanowires on the
upper surface of the micro-column for enhancing the anti-icing property. As can be seen in
Figure 4a, the water droplet always closes to a circular shape during the whole freezing
process and only changes slightly after completely freezing. The delayed freezing times
for different laser processing parameters are shown in Figure 4b. The laser post-treatment
visibly extends the freezing time of water droplets on the sample surface. Dense CuO
nanowires on the upper surface of the micro-column support water droplets to retain the
Cassie–Baxter state. In the Cassie–Baxter state, trapped air in micro/nano-structures plays
a role as thermal resistance, reducing the heat loss from the droplet to the sample surface
and significantly prolonging the freezing time of the droplet [22]. When the laser scanning
interval and thermal oxidation are optimized, the density and length of CuO nanowires are
optimal, and the support for water droplets achieves the best effect.
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2.3. Durability

In practical applications, icing and melting processes occur many times in long ser-
vice life. Long-term effective anti-icing property should be considered as a challenge to
superhydrophobic surfaces. In this work, the icing–melting cycle is tested to verify the
durability of CuO nanowires. The water droplet is frozen, melted, and removed by a
compressed air spray gun on the 50LT–LPT–4TO sample as one cycle of test. A total of
10 cycles are repeated to observe the change in wettability and delayed freezing time in
Figure 5a. After icing and melting cycles, the CA of the sample surface and the freezing
time of a single droplet do not change significantly. It indicates that the CuO nanowires
prepared by coupling the laser post-treatment can withstand the change in temperature
and ensure stability.
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Industrial applications often require surfaces to be durable in harsh operating environ-
ments. To further prove the durability of the CuO nanowires, the tape test is carried out
on different samples, as shown in Figure 5b. In Figure 5(bi), some black parts are found
on the tape as the CuO nanowires fall off from the sample. Most of the CuO nanowires
on the original copper surface fall off and the textured region is relatively intact, as shown
in Figure 5(bii). As can be seen from Figure 5(biii), some root parts of the CuO nanowires
remain on the upper surface of the micro-column after breaking. After the tape tearing,
one part of the nanowires still bond to the substrate, which makes the surface remain
superhydrophobic. The tape is attached to the sample surfaces, then removed at a slow
speed to complete one cycle of test. The CAs of different samples are then measured after
each cycle. It can be seen from Figure 5c that the CA of each sample does not decrease
sharply with the test cycles. Only the CAs of the samples fabricated by 2-h thermal oxida-
tion decrease slightly in six cycles. The CAs of all samples decrease after seven cycles. The
adhesion of CuO nanowires grown on the copper surface is significantly improved after the
laser post-treatment. For the conventional thermal oxidation growth, the generated CuO
nanowires film falls off easily due to the low adhesion caused by thermal stress. In our
method, the micro/nano-structure is constructed firstly via laser ablation, which releases
the thermal stress, reduces the generation of thermal stress, and prevents cracking and
stripping. It significantly reduces the risk of shedding the oxide layers and makes the
surface robust and durable. The improvement in adhesion, in the actual applications, can
prolong the service life of relevant equipment.
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3. Materials and Methods
3.1. Sample Preparation

Copper sheets (Dongguan Tongrun Copper and Aluminum Materials Co., LTD.,
Dongguan, China) at a thickness of 1.0 mm and a diameter of 20.0 mm were used in
the experiment. Before the laser texturing, the samples were polished using 1500# and
2000# SiC sandpapers and then cleaned in anhydrous ethanol (Analytical pure, Xilong
Scientific Co., LTD., Shantou, China) and deionized water ultrasonically for 10 min. The
process of sample preparation is shown in Figure 1. The substrates were ablated in ambient
air by a UV laser (JPT-SEAL-355-5, JPT Laser Co., LTD, Shenzhen, China) at a repetition
rate of 60 kHz and a pulse duration of 5 ns. The wavelength of the used laser was 355 nm
and the spot size was 15 µm. The focused laser beam scanned the surfaces in the desired
patterns under the control of a galvanometer scanning system. The scanning pattern
vertically intersected lines with different intervals (30, 50 and 60 µm) to construct micro-
column arrays. The size of processed area was 10 × 10 mm2. The parameters of laser
texturing included a laser fluence of 8.3 J/cm2, a scanning speed of 500 mm/s, and a
scanning pass of 20. Then, a group of samples was heated for 2, 4, and 6 h to grow CuO
nanowires. The textured samples were placed on a heating plate and thermally oxidized
at 550 ◦C and cooled at 4 ◦C/min down to room temperature. This group sample was
named LT–TO (laser texturing—thermal oxidation), for example, 30LT–2TO represented the
sample treated by the laser scanning interval of 30 µm and thermal oxidation time for 2 h.
The other group of samples was processed by coupling the laser post-treatment between
the laser texturing and thermal oxidation as shown in Figure 1. In the laser post-treatment,
the scanning pattern vertically intersected lines with an interval of 20 µm to cover the whole
surface. The parameters of the laser post-treatment included a laser fluence of 6.2 J/cm2

and a scanning pass of 2. This group sample was named LT–LPT–TO (laser texturing—laser
post-treatment—thermal oxidation), for example, 50LT–LPT–4TG represented the sample
treated by the laser scanning interval of 50 µm, laser post-treatment, and thermal oxidation
for 4 h. Finally, all samples were treated with isopropyl alcohol (IPA) to obtain low surface
energy. The surface chemical property was attributed to surface wettability. According to
our previous work [44,45], the transition time from hydrophilicity to hydrophobicity was
about 2 weeks as a result of the absorption and accumulation of organic substances on the
textured surface when exposed to ambient air. It could be shortened by immersion into IPA
for a period of 3 h.

3.2. Surface Characterization

The surface morphology was characterized by a scanning electron microscope (SEM)
(SUPRA 55, ZEISS, Oberkochen, Germany) equipped with energy dispersive spectroscopy
(EDS) (X-MAX 80, OXFORD Instruments, Shanghai, China). The depths of texture were
measured by a super-depth-of-field microscope (VHX-5000, Keyence, Osaka, Japan). The
density of CuO nanowires was evaluated via ImageJ software. The contact angle (CA) and
sliding angle (SA) were measured by a video-based optical instrument (JC2000D, Shanghai
Kuncheng Scientific Instrument Co., LTD, Shanghai, China) with 5 µL deionized water
droplets at room temperature. The CA and SA of each sample were measured 5 times and
the average value was adopted.

3.3. Anti-Icing Performance Evaluation

The anti-icing performances were characterized by recording a single droplet freezing
process. The experiment was conducted at the ambient temperature of 24 ◦C. The samples
were placed on a homemade low-temperature platform by a thermoelectric cooler to
control the surface temperature at −10 ◦C. To ensure constant temperature and humidity,
the sample test platform was placed in a closed transparent acrylic box, which was isolated
from the outside atmosphere. The volume of the deionized droplet was 7 µL. The whole
freezing process of the droplet was recorded by a mobile phone (iPhone 12 Pro Max, Apple,
CA, USA).
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3.4. Durability Evaluation

The icing–melting cycles and tape tests were used to assess the durability of the
samples. The water droplet was frozen and melted, then removed by a compressed air
spray gun as one cycle of test. The water was dropped on the center of processed area to
minimize errors. A total of 10 cycles were repeated to observe the changes in wettability
and delayed freezing time. The standard adhesive tape (3M Scotch Tape, 3M China Co.,
LTD, Shanghai, China) was attached to the sample surfaces by applying certain pressure
stress of 2 N/cm2. Then, the tape was removed at a slow speed of 20 cm/s. The sample
wettability was characterized after each cycle; 10 cycles were repeated as a complete test.

4. Conclusions

In this study, much richer CuO nanowires have been fabricated by the addition
of the laser post-treatment between laser texturing and thermal oxidation. Based on
the characterizations of surface morphologies, wettability, anti-icing performance, and
durability, it can be concluded that the Cu2O and CuO layers induced by the laser post-
treatment promote the distribution and the growth of CuO nanowires on the surface.
The density of CuO nanowires increases from 44.3% to 61.4% with a superhydrophobic
property at a contact angle of 164◦ and sliding angle of 2◦. The sample shows valuable
anti-icing performance by delaying freezing time of a single droplet from 17 s to 1519 s
at the temperature of −10 ◦C, which is more than 80 times longer compared to pure Cu.
By icing–melting cycles and the tape test, the nanowires have been proven to bind firmly
onto the substrate, improving the durability of surface functions. The presented method
improves the thermal growth of CuO nanowires on the surface of the copper substrate
and further obtains excellent superhydrophobic and anti-icing properties, which is of great
significance to extend the applications of CuO nanowires, especially in a low-temperature
environment.
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