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Abstract: A superhydrophobic coating on wood can effectively improve the hydrophobicity and
service life of wood. In this study, an Al superhydrophobic nano-coating was constructed on the
transversal section of poplar wood by magnetron sputtering based on glow-discharge plasma. The
structure, microscopic morphology, surface elements, and hydrophobic properties were characterized
and tested. When coated for 20 s, the water contact angle on the sample surface can reach 148.9◦.
When coated for 30 min, the Al-coated wood had a contact angle of 157.3◦, which could maintain
excellent superhydrophobic properties for 300 s. The sputtered Al nanoparticles were uniformly
distributed on the wood surface and formed nanoclusters. Plenty of voids between the clusters
can trap air and block contact between water droplets and the coating, making the coating obtain
superhydrophobic properties. When the coating time was 60 min, the characteristic peak of the
Al (111) crystal plane appeared at 38.4◦, while the intensities of (101), (002), and (040) peaks of
cellulose were reduced. In conclusion, magnetron sputtering was used to deposit a superhydrophobic
coating on wood without low surface free energy agents. Furthermore, this research provides new
inspirations for the physical modification of wood and the construction of superhydrophobic coatings
on wood.

Keywords: glow-discharge plasma; magnetron sputtering; nano Al; superhydrophobicity

1. Introduction

Wood, as a green and renewable material, is widely used in construction, paper
making, furniture, and other fields [1,2]. Due to its abundant hydrophilic groups and
natural porous structure, wood is prone to absorbing water, which can lead to deformation
and cracking. Strong hydrophilicity can greatly reduce the service life and value of wood.

In recent years, superhydrophobic coatings have attracted extensive attention for
their excellent properties such as water repellency, self-cleaning abilities [3], and surface
protection [4]. These properties have potential applications in numerous areas such as
mechanical components [5–7], aerospace [8], smart electronics [9], building materials [10],
and medical treatments [11]. For example, aluminum-oxide-based coatings have been used
in medical implants due to their superhydrophobic properties [12,13]. Superhydrophobic
coatings on wood can not only enhance the appearance, texture, and decoration, but also
provide desirable hydrophobicity for surface protection.

Many methods for preparing superhydrophobic coatings on wood surfaces have
been broadly investigated. These methods include direct paint coating [14–20], lithog-
raphy [21–24], hydrothermal methods [25,26], sol–gel methods [27–29], graft copolymer-
ization [30,31], and layer-by-layer assembly [32–34]. With the deepening of research, a
series of innovative processes and technologies have been gradually applied to the coating
of wood surfaces. For example, Yin [35] et al. modified the surface of acetylated wood
by chemical meteorological deposition (CVD) technology using trichloro silane (TCOS)
to obtain a coating that can maintain superhydrophobic properties after a long time of
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ultraviolet irradiation. Xie [36] et al. etched wood with oxygen plasma and then deposited
a pentafluoroethane (PFE) film or diamond-like carbon (DLC) coating on the surface using
a plasma deposition technique, resulting in a maximum contact angle of 161.2◦ on the wood
surface. Jnido [37] et al. prepared a polyester/TiO2 coating on the wood surface using
plasma spraying powder (PSP) and liquid precursor plasma spraying (LPPS) techniques,
which imparted superhydrophobicity and anti-ultraviolet aging resistance to the wood
surface.

These scholars have been exploring new processes for superhydrophobic coatings on
wood with inspiring results. But most studies involve chemical reactions or use multiple
chemical agents. By-products such as waste water and waste gas will be generated, endan-
gering environmental safety and human health. In fact, several methods are available to
achieve superhydrophobic properties without low-surface-energy agents on the surface of
other materials. Specific methods include T-shape structures [38,39], oxygen vacancies [40],
air trapped nanocavities [41], nanowires, and nanorods [42]. However, superhydrophobic
coatings on wood surfaces without low-surface-energy chemical reagents are very difficult
and poorly reported. For example, Bao [43] et al. prepared superhydrophobic Cu films on
wood by magnetron sputtering but used low-surface-energy agents. Without low-surface-
energy agents, superhydrophobic Cu, ITO, and Cu/CuO films have been realized on other
materials by Li [44] et al., Gupta [45] et al., and An [42] et al., respectively. Magnetron
sputtering is a physical vapor deposition (PVD) technique based on glow-discharge plasma,
which can be used to prepare nanofilms through a bottom-up approach [46]. It has the mer-
its of being pollution-free and having a low working temperature, easy scale production,
and high film adhesion [47–49]. Magnetron sputtering is an indirect application of plasma,
which is different from the general plasma surface treatment of wood. It is performed by
bombarding the target with high-energy ions, causing the target atoms to sputter onto
the substrate and form a nanofilm. No complex chemical reactions are involved in the
process of magnetron sputtering, which is primarily a physical process. To the authors’
knowledge, functional coatings on wood prepared by magnetron sputtering are still at an
early stage [50,51].

In this article, magnetron sputtering was used to construct superhydrophobic coatings
on the transverse section of poplar wood. This method does not use low-surface-energy
chemical agents and is easy to produce on a large scale in the industry. It also provides new
approaches for the physical modification of wood and the construction of superhydrophobic
coatings on wood.

2. Materials and Methods
2.1. Test Materials

The wood samples were fast-growing poplar wood (Populus sp., Linfen, Shanxi,
China), which is accessible and an acceptable alternative to natural wood. The trans-
verse section of the dried sapwood was machined into wood slices with the size of
25 mm × 25 mm × 2 mm (tangential × longitudinal × radial). The average density of
the wood slices was 0.45 g/cm3. The moisture content of the wood slices was between 8%
and 12%. Table 1 shows detailed information on the wood slices. The transverse surfaces
had many exposed tubes and voids compared to the longitudinal surfaces. Coatings on
transverse surfaces are more likely to become rough. The surfaces were sanded with sand-
paper and were free of obvious defects, flaws, and mold. The purity of the aluminum (Al)
target material was 99.99%, supplied by Beijing Zhongcheng New Material Technology Co.,
Ltd. (Beijing, China). Other materials included anhydrous ethanol, beakers, sandpaper, a
knife, a steel ruler, and pressure-sensitive tape.

Table 1. Detailed information on the wood slices.

Density Moisture Content Size Cutting Surface

0.45 g/cm3 8%–12% 25 mm × 25 mm × 2 mm transverse
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2.2. Ultrasonic Pretreatment

The fast-growing poplar wood was pretreated with ultrasound as follows. The wood
slices were placed in a beaker and fully submerged in anhydrous ethanol. A one-half
volume of distilled water was added to an ultrasonic cleaner, and the beaker was placed
into it. The switch was turned on to carry out the ultrasonic pretreatment for 30 min, and
the poplar slices were removed with forceps. Finally, the wood was dried naturally to
obtain the ultrasonicated poplar wood. Ultrasonic pretreatment can effectively remove dust,
gum, and other impurities from the wood surface, which exposes more pores. Different
material treatments and fabrication processes would result in different material properties
and performances [52,53]. Other methods such as soaking, polishing, and grinding can
also be used to remove the impurities. It is beneficial for aluminum nanoparticles to form a
superhydrophobic surface with a certain degree of roughness.

2.3. Preparation of the Al-Coated Wood

The Al nano-coatings were deposited on the wood via a JGP-450 type multi-target
magnetron sputtering equipment (Sky Technology Development Co., Ltd., Shenyang,
China). The sputtering target was an aluminum target (99.999% purity) and the substrate
was poplar wood with ultrasonic pretreatment. The whole sputtering process was divided
into several steps such as installing the wood slices, pumping at a low vacuum, pumping
at a high vacuum, and sputtering the Al. Firstly, the samples and Al target were installed,
then the container was closed and the mechanical pump was turned on to pump at a
low vacuum. Next, when the vacuum reached 2.0 Pa, the resistance vacuum gauge was
switched off while the molecular pump was turned on to pump at a high vacuum. When
the vacuum level reached 8.0 × 10−4 Pa, the ionization vacuum gauge was shut off. Then,
argon gas was injected and the sputtering pressure and argon flow rate were controlled at
3.0 Pa and 20 sccm, respectively. Finally, the direct current (DC) power supply was switched
on with a sputtering power of 50 W. Due to the uneven fibers on the wood surface, the
edges of the coating are difficult to distinguish when the coating time is short. The thickness
of the Al coating deposited on the wood surface was controlled by changing the sputtering
time (20 s, 50 s, 15 min, 30 min, 60 min). When the deposition time is short, the coating
is non-continuous and only strong hydrophobicity can be realized. Superhydrophobicity
can only be achieved when the coating time is long (the nanoparticles completely cover
the wood). Figure 1 shows a diagram of a nano-Al superhydrophobic coating on wood
prepared by magnetron sputtering.
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2.4. Characterization
2.4.1. Structure

The structure of the wood was characterized by an X-ray diffractometer (XRD-6100)
manufactured by Shimadzu Corporation, Kyoto, Japan. The scanning range was 5◦–85◦

with a scanning speed of 4◦/min. The voltage and current of the X-ray tube were 40 kV
and 30 mA, respectively.

2.4.2. Static and Dynamic Hydrophobic Properties

The water contact angle (WCA) of the wood was measured with an SDC-350 contact
angle meter (Dongguan Shengding Precision Instrument Co., Ltd., Dongguan, China).
The droplet volume was set to 5 µL. Five different locations on the sample surface were
randomly selected for testing.

2.4.3. Fourier Infrared Spectrum

The surface functional groups were analyzed using an iS10 Fourier infrared spectrom-
eter (ATR-FTIR, Thermo Fisher, Waltham, MA, USA). The acquisition range was set from
500 to 4000/cm, and the sampling frequency was 16 times.

2.4.4. Microscopic Morphology

The surface morphology was characterized using a JSM-7500F cold-field emission
scanning electron microscope (SEM, JEOL, Tokyo, Japan).

2.4.5. Surface Fluorescence Effect

The surface fluorescence properties were characterized using a DXM-1200F fluores-
cence microscope (Nikon, Tokyo, Japan) at a magnification of 200 times.

2.4.6. Surface Element Content and Distribution

The elemental composition and distribution of the wood surface were analyzed using
an Oxford X-Max electric cooling energy spectrometer (EDS, Oxford, UK).

2.4.7. Surface Element Valence

The elemental valence of the wood was analyzed using a K-Alpha type X-ray photo-
electron spectrometer (XPS, Thermo Fisher Scientific, Waltham, MA, USA). The X-ray was
measured with a beam diameter of 200 mm and a power of 100 W.

3. Results and Analysis
3.1. Structure Analysis

The X-ray diffraction (XRD) technique is used to analyze the crystallography of objects
through the peaks formed [54]. Figure 2 shows the XRD pattern of the Al-coated wood.
Three characteristic peaks of (101), (002), and (040) were detected in the transverse sections
of the wood, which belong to cellulose type I [55,56]. Specifically, the transverse section
of the wood had a selective orientation of the (040) crystal plane, so that a very sharp
diffraction peak of the (040) crystal plane can be observed at 34.4◦. When the coating
time was 60 min, the characteristic peak of the Al appeared at 2θ of 38.4◦, which is the
typical face-centered cubic structure of the metal Al (111) crystal plane. This indicates
that the Al nanoparticles were deposited onto the wood surface, forming a nanofilm
with a (111) crystal plane preferred orientation. The Al (111) crystal plane has the lowest
surface energy compared with other Al crystal planes [57], and its selective orientation may
affect the hydrophobicity of the coating [42]. In addition, the three characteristic peaks of
cellulose were still present when Al nanoparticles were sputtered for 60 min, suggesting
that the deposition of the Al nano-coating by magnetron sputtering did not alter the natural
structure of the wood. The decrease in the intensity of the diffraction peaks was mainly
due to the reduction of the X-ray radiation depth caused by the Al coating.
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Figure 2. XRD pattern of the Al-coated wood.

3.2. Static Hydrophobic Performance Analysis

Figure 3 shows the static hydrophobic performance of the Al-coated wood. The water
contact angle was measured when water droplets were dropped on the cross-cut wood
slices for 15 s. The droplets on the ultrasonicated wood showed a flattened shape with a
contact angle of 18.8◦, exhibiting strong hydrophilicity. The contact angle (CA) was 148.9◦

for the sample with a coating time of 20 s. And when the coating time was 50 s, the contact
angle was 149.5◦, which was close to being superhydrophobic. At this time, parts of the
functional groups on the wood surface were covered by a small number of sputtered Al
nanoparticles, and the surface wettability turned from hydrophilic to strongly hydrophobic.
When coated with Al for 15 min, the contact angle was 150.1◦, which just reached the
superhydrophobic angle. In general, the hydrophobicity of superhydrophobic coatings is
associated with surface roughness. A rougher surface implies better superhydrophobic
properties. The cross-sectional surface of the ultrasonicated wood was distributed with lots
of exposed openings and pores, which are conducive to the preparation of a superhydropho-
bic surface [58]. With the increase of sputtering time, a large number of Al nanoparticles
were attached to the wood fibers. The attachment reduced the contact area between solid
and liquid, which resulted in superhydrophobic properties on the wood surface [59–61].
When sputtered for 30 min, the contact angle reached 157.3◦ after the droplets remained
for 15 s, showing excellent superhydrophobic performance. The contact angle was 156.4◦

for the wood with a sputtering time of 60 min. This was similar to the sample that was
sputtered for 30 min, which still exhibited stable superhydrophobic properties.
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Figure 3. Static hydrophobic performance of the Al-coated wood: (a) ultrasonic pretreatment;
(b) coating for 20 s; (c) coating for 50 s; (d) coating for 15 min; (e) coating for 30 min; (f) coating for
60 min.

3.3. Dynamic Wettability Analysis

Figure 4 shows the dynamic wettability of the Al-coated wood. The contact angle was
measured when the water droplets were kept on the wood surface for 3 s, 15 s, 30 s, 60 s,
90 s, 120 s, 240 s, and 300 s. The poplar wood with ultrasonic pretreatment exhibited strong
water absorption, and the droplet on the wood was completely absorbed within 30 s. There
are two main reasons for the strong hygroscopicity. The first is the absorption of water by
the abundant capillary structure on the cross-section of the porous wood; the second is
the rapid combination of polar functional groups such as hydroxyl groups (-OH) which
are distributed on the cellulose amorphous region, hemicellulose, and lignin of the wood
with water molecules in the form of hydrogen bonds. With a sputtering time of 20 s, the
water contact angle can be maintained above 140◦ for 120 s. After that, the contact angle
decreased quickly and dropped to 114.2◦ after 300 s. This was attributed to the fact that
only a small number of Al nanoparticles were sputtered onto the wood surface, which
could not completely cover the hydrophilic groups to prevent the binding with water.
When the sputtering time was 50 s, the water contact angle was above 140◦ for 300 s, which
maintained a strong hydrophobicity. With this sputtering time, the hydrophilic functional
groups on the wood surface were basically covered by more sputtered Al nanoparticles,
and the hydrophobicity was enhanced. With the increase of sputtering time, the contact
angle of the wood coated for 15 min was 146.3◦ after the droplet remained for 300 s, which
had better water stability than the wood coated for 50 s. However, the contact angle still
declined below 150◦ after holding for 30 s and could not maintain the superhydrophobic
performance for a long time. This was because the sputtering time was not long enough
and the deposited Al nano-coating had tiny gaps and cracks so that water molecules could
penetrate into the coating through the micro-cracks. When the coating time was 30 min
and 60 min, the samples had contact angles larger than 150◦ for 300 s of droplet retention,
indicating they could maintain the superhydrophobic properties over a long period. The
results indicated that when a continuous nanofilm with a certain roughness was formed on
the wood surface, the wettability of the sample surface tended to be stable.



Forests 2023, 14, 1761 7 of 17

Forests 2023, 14, 1761 7 of 18 
 

 

of 20 s, the water contact angle can be maintained above 140° for 120 s. After that, the 
contact angle decreased quickly and dropped to 114.2° after 300 s. This was attributed to 
the fact that only a small number of Al nanoparticles were sputtered onto the wood sur-
face, which could not completely cover the hydrophilic groups to prevent the binding 
with water. When the sputtering time was 50 s, the water contact angle was above 140° for 
300 s, which maintained a strong hydrophobicity. With this sputtering time, the hydro-
philic functional groups on the wood surface were basically covered by more sputtered 
Al nanoparticles, and the hydrophobicity was enhanced. With the increase of sputtering 
time, the contact angle of the wood coated for 15 min was 146.3° after the droplet remained 
for 300 s, which had better water stability than the wood coated for 50 s. However, the 
contact angle still declined below 150° after holding for 30 s and could not maintain the 
superhydrophobic performance for a long time. This was because the sputtering time was 
not long enough and the deposited Al nano-coating had tiny gaps and cracks so that water 
molecules could penetrate into the coating through the micro-cracks. When the coating 
time was 30 min and 60 min, the samples had contact angles larger than 150° for 300 s of 
droplet retention, indicating they could maintain the superhydrophobic properties over a 
long period. The results indicated that when a continuous nanofilm with a certain rough-
ness was formed on the wood surface, the wettability of the sample surface tended to be 
stable. 

 
Figure 4. Dynamic wettability of the Al-coated wood. 

3.4. Adhesion Analysis 
Figure 5 shows the adhesion behavior between the droplets and coating sputtered 

for 30 min. The 5 µL water droplet carried by the syringe was compressed, deformed, and 
lifted when it touched the superhydrophobic surface. The water droplet could maintain 
its full shape when it touched the wood surface, and could be easily removed from the 

Figure 4. Dynamic wettability of the Al-coated wood.

3.4. Adhesion Analysis

Figure 5 shows the adhesion behavior between the droplets and coating sputtered for
30 min. The 5 µL water droplet carried by the syringe was compressed, deformed, and
lifted when it touched the superhydrophobic surface. The water droplet could maintain
its full shape when it touched the wood surface, and could be easily removed from the
coating surface without droplet residue. It strongly demonstrated the superhydrophobicity
and low adhesion of the Al nano-coating. In addition, the process of water droplets
impacting wood may be further investigated by computational simulation. Computational
simulation has the advantages of low cost and fast results [62–64]. In accordance with the
ISO2409 [65] international standard, the adhesion between coating and wood was tested
by the scratching method. The coating was cut into 2 mm × 2 mm sized grids by a knife
and then torn with pressure-sensitive tape. Figure 6 shows pictures of the wood before and
after the coating–wood adhesion test. The coatings in the squares were generally intact,
and there were almost no coating flakes at the edges of the squares. The average adhesion
level of the coating was level 1; a very good adhesion for daily use.
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Figure 6. Adhesion between coating and wood: (a) ultrasonic pretreatment; (b) coating for 60 min;
(c) wood coated for 60 min after adhesion testing; (d) observation at 40 times magnification after
testing.

3.5. Infrared Spectrum Analysis

Figure 7 shows the Fourier infrared spectrum (FTIR) of the Al-coated wood. In the
wood samples, the characteristic peak at 3345 cm−1 is the O-H stretching vibration. The
absorption peaks at 2936 cm−1 and 2872 cm−1 are mainly attributed to the C-H stretching
vibrations of methyl(-CH3) and methylene(-CH2). The feature peak at 1030 cm−1 belongs to
the C-O stretching vibration. As the sputtering time increased, the intensity of the infrared
characteristic peaks of the wood gradually decreased, and the most obvious decreases
were observed at 3345 cm−1 and 1030 cm−1. When the coating time was 20 s or 50 s, the
clear absorption peaks of the natural wood were still visible. The Al nanoparticles did not
completely cover the groups on the wood surface. When the coating time reached 15 min,
the characteristic peaks of the natural wood were close to disappearing, indicating that a
continuous Al nanofilm had been formed. When the sputtering time was 30 min or 60 min,
the characteristic peaks disappeared totally and the infrared curve of the sample was a
smooth curve. This means that the Al nanofilms were well deposited on the wood surface
and the thickness reached a certain level, which blocked the infrared absorption. In addition,
for the samples coated with Al, the peaks of hydrophilic groups such as the hydroxyl groups
at 3330 cm−1 (O-H) and carbonyl groups at 1735 cm−1 (C=O) diminished in intensity, which
also confirmed the transition of the samples from hydrophilic to hydrophobic.
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3.6. Microscopic Morphology Analysis

Figure 8 shows the microscopic morphology of the Al-coated wood. Due to the
ultrasonic cavitation effect, massive tiny bubbles burst to form blast waves that continuously
struck the wood. The amorphous deposits and intrusive fillers were effectively removed.
It can be observed that the cross-section of the ultrasonicated wood is very uneven, with
fibers, pits, and grooves on the surface. When the coating time was 20 s, only a small
number of nanoparticles were deposited on the surface, and the fibers and pores on the
poplar surface were still clearly visible. When the coating time was 50 s, the fibers on the
wood surface were adhered to by the Al nanoparticles, while plenty of Al nanoparticles
penetrated deeply into the pores and ravines. The wood surface became relatively flat
because the pores and ravines were further filled. When coated for 15 min, the wood was
already covered with Al nanofilm such that the natural structure of the wood could not
be observed. At this point, the nanofilm was in the island growth period and there were
still tiny gaps in the growing film. When coated with Al for 30 min, there were more Al
nanoparticles aggregating to form clusters on the sample surface and the growth of the
Al nano-coating was more complete. The nanoclusters were clearly visible on the surface
of the Al-coated fibers under high magnification. There were an enormous number of
irregular vacancies between the nanoclusters, in which lots of air was trapped. In this
way, the contact between water droplets and the coatings can be blocked [66], enabling the
coatings to obtain superhydrophobic properties. As the sputtering time reached 60 min,
the coating thickness was approximately 45 µm. A massive number of Al nanoparticles
densely covered the wood fibers, forming a rough surface with micro–nano structures. In
addition, Al-coated surfaces with micro–nano structures may absorb organic compounds
in the air. The spontaneous adsorption of hydrocarbons could modify the coating surface
and reduce its surface free energy, making the surface superhydrophobic [67,68].
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Figure 8. Microscopic morphology of the Al-coated wood: (a) ultrasonic pretreatment; (b) coating
for 20 s; (c) coating for 50 s; (d,e) coating for 15 min; (f,g) coating for 30 min; (h) coating for 60 min;
(i) coating thickness with a coating time of 60 min.
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3.7. Surface Fluorescence Effect Analysis

Figure 9 shows the surface fluorescence effect of the Al-coated wood. Wood can emit a
natural blue fluorescence under ultraviolet irradiation because of the lignin [69,70]. With
ultrasonic pretreatment, the original wood surface was removed of impurities such as dust
and gum, so that pores and transport tissues were exposed. When the coating time was
20 s, only a few Al particles were deposited on the wood surface. The wood still showed
light blue fluorescence and the tubular pore structure was clearly visible. When the coating
time was 50 s, more Al nanoparticles were attached to the wood fibers and covered some
of the fluorescent groups. The fluorescence became dim and appeared dark blue, while
a few tube-hole tissues could be observed. When the sputtering time was 15 min, most
areas in the visual field appeared blue–black. At this time, many Al nanoparticles covered
the wood and formed a nano-coating, which prevented the natural fluorescence produced
by lignin. However, there were many gullies, pits, and holes in the transverse section of
the ultrasonicated wood, and the sputtered Al atoms penetrated deeply into them without
forming a continuous film, so the blue–black areas were not continuous. When the coating
time reached 30 min and 60 min, the field of view basically turned black. The Al nanofilms
completely covered the wood surface, forming continuous Al nanofilms.
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(200 times): (a) ultrasonic pretreatment; (b) coating for 20 s; (c) coating for 50 s; (d) coating for
15 min; (e) coating for 30 min; (f) coating for 60 min.

3.8. Surface Element Content and Distribution Analysis

Figure 10 shows the energy-dispersive X-ray spectra (EDS) map of the Al-coated wood.
Table 2 shows the weight percentages of the surface elements of the samples. The H element
could not be detected by EDS owing to its light mass and low molecular weight. On the
uncoated wood, C and O elements could only be detected at 0.277 eV and 0.525 eV with
relative content of 51.26% and 48.74%, respectively. When the Al nanoparticles were coated
on the wood, the three elements C, O, and Al were detected on the surface. The relative
content of the three elements varied with the sputtering time. In the five groups of samples
with sputtering times of 20 s, 50 s, 15 min, 30 min, and 60 min, the weight percentages of
the Al element were 1.20%, 2.24%, 10.62%, 13.70%, and 26.59%, respectively. The weight
percentages of the C element were 52.38%, 50.22%, 45.72%, 45.77%, and 31.05%, and the
weight percentages of the O element were 46.42%, 47.54%, 43.65%, 40.53%, and 42.37%,
respectively. It can be seen that the content of the Al element was relatively low and the
contents of the C and O elements were relatively high when coated with Al for 20 s and
50 s. The results indicated that fewer Al nanoparticles were deposited on the surface of
the poplar wood, and the nanofilms grew slowly. As the coating time increased, more
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Al nanoparticles were deposited on the wood surface and the thickness of the formed
Al nanofilms also increased. When the coating time was 15 min and 30 min, the relative
content of the Al element was detected to increase gradually, while the relative contents of
the C and O elements were reduced. When the sputtering time was 60 min, the number
of Al nanoparticles deposited on the wood surface was the largest. The ratio of the C and
O elements declined obviously, and the relative content of Al reached the maximum. The
surface was covered with Al nanoparticles, forming a uniform and dense nanofilm.
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Figure 10. EDS map of the Al-coated wood: (a) ultrasonic pretreatment; (b) coating for 20 s; (c) coating
for 50 s; (d) coating for 15 min; (e) coating for 30 min; (f) coating for 60 min.

Table 2. Weight percentages of surface elements.

Element Ultrasonic
Pretreatment

Coating
for 20 s

Coating
for 50 s

Coating
for 15 min

Coating
for 60 min

Coating
for 60 min

C 51.26% 52.38% 50.22% 45.72% 45.77% 31.05%
O 48.74% 46.42% 47.54% 43.65% 40.53% 42.37%
Al - 1.20% 2.24% 10.62% 13.70% 26.59%

“-” means no or no value detected.
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Figure 11 shows the overall distribution of Al elements on the Al-coated wood at
200 times magnification. When the coating time was 20 s and 50 s, the distribution of Al
nanoparticles on the surfaces was sparse due to the short coating time. As the coating
time increased, with a coating time of 15 min and 30 min, more uniformly distributed Al
nanoparticles could be seen on the surfaces of the wood. When the coating time reached
60 min, the content of the Al element on the wood surface was the highest, and a great
number of Al nanoparticles uniformly covered the sample surface and formed a nano-
coating.
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Figure 11. The overall distribution of the Al element on the Al-coated wood at 200 times magnification:
(a) coating for 20 s; (b) coating for 50 s; (c) coating for 15 min; (d) coating for 30 min; (e) coating for
60 min.

3.9. Surface Element Valence Analysis

Figure 12 shows the X-ray photoelectron spectroscopy (XPS) of the Al-coated wood.
The distinctive peaks of C1s, O1s, Al2s, and Al2p appeared in the full spectrum of the
wood coated for 15 min. As shown in Figure 10b, the detected Al element was present in
the oxidation state when the sputtering time was 20 s [71]. This is mainly because few Al
nanoparticles were deposited on the wood and almost all of them were oxidized by air.
When the sputtering time was 50 s, the valence state of the elemental metal Al was detected
besides the oxide of Al. This was because the outermost layer of the nanofilm was oxidized.
The penetration depth of XPS is generally from 3 to 10 nm, so the electrons of the metal
Al in the interior could be excited. After a long sputtering period, the deposited coatings
were mainly composed of metal Al, with many zero-valent Al nanoparticles present in
the interior. When the coating time was 15 min, 30 min, and 60 min, it was observed
that the content of zero-valent Al was rising with the increase in coating time. It was
demonstrated that the dense outer Al-oxide protective layer could block the contact of the
internal metal Al with oxygen. Therefore, a large number of Al nanoparticles could be
successfully deposited onto the wood without being oxidized. In a word, the XPS analysis
showed that the deposited nanofilms were composed of zero-valent Al and surface oxide
layers.
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60 min.

4. Conclusions

This research set out to construct superhydrophobic Al nano-coatings on the transver-
sal sections of fast-growing wood by an environment-friendly magnetron sputtering pro-
cess. The transversal section of ultrasonicated wood is distributed with many natural pores,
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holes, and grooves, which is conducive to the formation of the superhydrophobic coating.
The sputtered Al atoms were aggregated into nanoclusters and uniformly distributed on
the wood surface, to form a superhydrophobic coating with a preferred orientation of the Al
(111) crystal plane. When the coating time was 30 min, the superhydrophobic coating had
low adhesion without adhering to droplets. Meanwhile, the contact angle could be main-
tained at about 157◦ within 60 s of droplet contact, and a long-term superhydrophobic effect
could be maintained for 300 s. When coated for 60 min, the infrared characteristic peaks
of the wood completely disappeared and the Al element content on the surface reached
26.59%. In addition, the XPS analysis showed that the outer layer of the nano-coating was
oxidized to a dense layer of aluminum oxide, preventing the continued oxidation of the
inner metal Al. Magnetron sputtering is a physical vapor deposition technology based
on glow-discharge plasma, which is pollution-free and easy to produce on a large scale.
However, preparation is still in the exploratory stage for superhydrophobic coatings on
wood prepared by magnetron sputtering. Specialized equipment is required to produce the
coating, and the cost will be reduced to an acceptable level with large-scale production. The
abrasion resistance, anti-ice, and anti-corrosion properties of superhydrophobic coatings
also need to be studied in the future. In conclusion, this article has constructed nano-Al
coatings on wood by magnetron sputtering without low-surface-energy agents, which
provides a feasible method for the study of the composite of inorganic nanomaterials and
wood, and also provides a new research idea for the construction of superhydrophobic
coatings on wood surfaces.
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