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Abstract
Developing a practical strategy to fabricate an anti-abrasion and durable superhydrophobic wood surface
with ultraviolet (UV) resistance has great practical significance for expanding the application of natural
wood. In this study, a robust superhydrophobic layer with a hierarchical micro/nano-roughness structure
was modified on the wood surface through in-situ mineralization and polymerization using a simple sol–
gel method along with efficient electron beam (EB) curing technology. Hydrophobic agent
(polydimethylsiloxane, PDMS), and crosslinking monomer (γ-methacryloxypropyl trimethoxysilane,
MAPS) form new covalent bonds between TiO2 particle layer and wood substrate after EB radiation，
which endows robust superhydrophobicity and remarkable UV resistance on the wood surface. The asprepared wood exhibited a water contact angle (WCA) of approximately 165.7° and obvious repellency to
many aqua-phase liquids (cola, strongly acidic, alkaline droplets etc.). Furthermore, the hierarchical
micro/nano-protrusion structures remained unchanged and micro/nano particles aggregated tightly on
the as-prepared wood surface under harsh external environments (sandpaper abrasion and, ultrasonic
treatment), confirming the desirable anti-abrasion and mechanically durable performance of the
superhydrophobic surface. After the 18-day UV accelerated weathering test, the TiO2 particle layer
conspicuously retained the discoloration and maintained its exceptional repellency toward water. The
biomimetic superhydrophobic wood with excellent mechanical durability and UV resistance reveals its
potential application in the furniture and architecture fields.

Introduction
As an abundant renewable material, wood has been ubiquitously adopted in domestic housing
decoration, building structures, and transportation field owing to its innate properties such as hierarchical
structure, degradability, compatibility, and affordability (Chao et al. 2020; Guan et al. 2018; Mahltig et al.
2008; Zhu et al. 2016). The abundant presence of lignin, cellulose and hemicellulose in wood endows its
exceedingly hydrophilic nature, resulting in the wood being readily deformed, cracked, discolored and
decayed (Chen et al. 2019; Sargent 2019; Yue et al. 2021). These properties are not conducive to the
dimensional stability and service lifetime of wood under various conditions, specifically in humid
environments. Constructing a superhydrophobic layer on wood surfaces can effectively prevent the entry
of moisture, thereby prolonging the lifetime of wood in practical applications.
Inspired by natural hydrophobic phenomena such as, butterfly wings (Han et al. 2017), water striders
(Wang et al. 2015) and lotus leaves (Feng et al. 2002), researchers have developed superhydrophobic
surfaces on solid substrates by fabricating micro/nano protrusion structures and modifying low-surfaceenergy materials. Superhydrophobic surfaces, possessing high water contact-angle (WCA) (> 150°) and
low sliding-angle (WSA) (< 10°), not only exhibit excellent water repellency, but also endow the material
with many new functions (e.g., self-cleaning (Wisdom et al. 2013), anti-corrosive (Zang et al. 2017), antifouling (Lin et al. 2018), and oil/water separation (Lin et al. 2020; Sun et al. 2018)). In view of the
hierarchical microstructures and unique chemical components of natural wood, integrating this protocol
into wooden-material surfaces becomes realizable. Thus, several methods have been developed to
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achieve superhydrophobic functionalization on wood surfaces, such as sol–gel (Wang et al. 2011),
hydrothermal reactions (Liu et al. 2015), spin coating (Guo et al. 2017), and layer-by-layer self-assembly
(Renneckar and Zhou 2009). However, most of these methods require a multi-step, time-consuming, and
expensive preparation procedure, which restricts the large-scale practical application of superhydrophobic
wood (Guo et al. 2019; Wang et al. 2021; Wu et al. 2016). On the other hand, sunlight irradiation, moisture,
and mechanical wear could destroy the hydrophobic outermost layer, such that the fabrication of
biomimetic superhydrophobicity wood with outstanding mechanical stability and chemical durability
remains a significant challenge. Through investigation, it has been realized that amelioration on wooden
substrates can explicitly contain two aspects: (i) the existence of an interface binding force between the
superhydrophobic layer and wood substrate and (ii) the strength of the micro/nano-roughness structure
itself (Zhang et al. 2021). Based on these perceptions, considerable design strategies have been
developed to construct robust superhydrophobic surfaces, such as using pretreated wood surfaces with
stable hydrophobic material, creating a self-healing (light irradiation, high temperature) superhydrophobic
coating and enhancing the adhesion between the superhydrophobic layer and wooden substrates
(increasing the adhesive layer) (Jia et al. 2019; Tu et al. 2018; Yang et al. 2021). Although these strategies
have been proven to improve the abrasion resistance and durability of superhydrophobic wood surfaces,
the cumbersome procedure, high stimulus requirements, and the smooth adhesive layer surface exposed
after multiple abrasions, make them undesirable for practical applications. To overcome the
aforementioned deficiencies, there is an urgent need to develop simple, efficient and practical strategies
for the fabrication of robust superhydrophobic layers on wood.
During recent decades, an alternative approach has shown many applications in improving the properties
of coating materials; in particular, using EB curing technology can provide some advantages for chemical
curing (Chen et al. 2018; Crivello 2002; Zhang et al. 2017). The EB curing process, which converts reactive
monomers or oligomers into solids through polymerization, grafting, and even crosslinking reactions
initiated by high-energy beams, has numerous attractive features such as low energy consumption,
rapidly curing, and high efficiency (Wang et al. 2020; Zhang et al. 2021). For instance, Kumar et al.
(Kumar et al. 2013) prepared abrasion-resistant and chemical-resistant organic/inorganic nanocomposite
coatings using EB curing technology. Li et al. (Li et al. 2016) found that EB radiation enhanced the
interfacial interaction between carbon nanotubes and the substrate, thus improving the elongation at
break of carbon nanotube/epoxy composites. Additionally, low-energy EB radiation can cleave the
chemical bonds in lignin (O-H bonds) and holocellulose (ether bonds), leading to the formation of free
radicals, which are conducive to react with the added monomer to enhance the surface binding force of
wood, as proven in previous literatures (Croitoru et al. 2014; Schnabel et al. 2015). More importantly, the
aforementioned research indicates that the shortcomings of superhydrophobic wood surfaces can be
anticipated to be addressed by combining the EB radiation technology.
In this study, low-energy EB radiation was applied to crosslinking and curing the as-obtained
superhydrophobic wood to achieve robust superhydrophobicity wood-based materials. An essential
micro/nano-roughness structure was obtained through the simple in-situ deposition of TiO2 particles,
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because TiO2 is not only an environmentally friendly and easy-generated inorganic material, but also has
intrinsic UV-absorption properties (Hu et al. 2016; Yang et al. 2019) that can provide a barrier to the
underlying wood during UV irradiation. Subsequently, the hydrophobic agent PDMS was modified on the
wood surface to endow wood with superhydrophobicity, which prevented the utilization of toxic and
expensive fluorine-containing reagents. Simultaneously, the addition of MAPS can firmly grasp the
micro/nanoparticle layer and wood substrate via the formation of Si-O-Ti and Si-O-C covalent bonds after
EB radiation, which is related to the condensation of silyl, and the other is caused by free radicals on the
wood surface polymerized with the methacryloxy groups of MAPS (Wang et al. 2019). Herein, we
demonstrate a highly robust superhydrophobic surface with superior superhydrophobicity, anti-abrasion
performance, and desirable UV resistance on wood via a convenient method, namely, simple sol–gel
technology integration with efficient EB curing technology. Interestingly, the as-fabricated multifunctional
superhydrophobicity wood essentially retains the original esthetic texture of natural wood, indicating its
potential utility in the decoration market. More importantly, our protocol can be anticipated to overcome
the limitations of the superhydrophobic wood preparation procedure, achieving large-scale and highefficiency manufacture of multifunctional superhydrophobicity wood.

Experimental Section

2.1. Materials
Hydroxyl-terminated polydimethylsiloxane (CR, PDMS), absolute ethanol (AR), tetrabutyl titanate (AR,
TBOT), and γ-methacryloxypropyl trimethoxysilane (CR, MAPS) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (China). All chemicals were used as received without further purification.
Sapwood of poplar was cut with dimensions of 25 mm × 25 mm × 2 mm (longitudinal × tangential ×
radial) from Shijiazhuang (Hebei, China). The wood specimens were then ultrasonically rinsed in absolute
ethanol for 20 min, and dried in an oven at 60 °C for 24 h, and directly used without further modifications.

2.2. Fabrication of superhydrophobic wood surfaces
Robust superhydrophobic surfaces were prepared on poplar wood by sol–gel technology along with
radiation curing, described as follows: (1) in-situ deposition of inorganic TiO2 particles on the substrate
and (2) radiation crosslinking cured the introduction of PDMS and MAPS molecules through the creation
of new covalent bonds on the wood surface. In detail, 0.4 mL of TBOT was first dissolved in 10 mL
absolute ethanol in a 100 mL glass beaker under magnetic stirring, and then dribbled onto the surfaces of
the wood specimens. Approximately 6 to 8 drops were added repeatedly and then placed an oven cured
at 60°C for 20 min to obtain the Ti-wood.
Subsequently, the dipping solution was prepared by mixing PDMS and MAPS in absolute ethanol under
constant magnetic stirring at room temperature for 30 min. The mass volume ratio of
PDMS/MAPS/ethanol was set to 5:2:100. The Ti-wood was immersed in the above solution for 10 min,
after which, the hydrophobic Ti-wood was removed, air-dried for 10 min, and dried in a vacuum overnight
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at 60°C. The obtained hydrophobic wood surface exhibited slight whiteness and a visible wood texture,
namely, Ti&P-wood. Finally, the Ti&P-wood was placed a valve bag and redundant air was removed using
vacuum packer. The sealed bag was radiated by EB at room temperature, and the total absorption was 5
kGy. The resulting superhydrophobic wood was denoted as R-Ti&P-wood, and the procedure is illustrated
in Scheme 1.

2.3. Characterizations
Contact angle (CA) tests were conducted on an Attension Theta system (KSV Instruments Ltd., Finland)
at ambient temperature, and the volume of the test water was 5 µL. Five different positions for each
specimen were measured, and the average value was used to calculate the final WCA. Scanning electron
microscopy (SEM) images of the wood surface morphology were obtained using an FEI Quanta–250
SEM at 5 kV under high vacuum conditions. The chemical composition of the wood surface was
characterized by Fourier-transform infrared (FT-IR) spectroscopy (Bruker Tensor 207) from 4000 to 400
cm−1 with a resolution of 4 cm−1. X-ray photoelectron spectroscopy (XPS) analyses were conducted with
a PHI-5702 electron spectrometer employing an Al Kα-line excitation source with the C 1s peak at 285.0
eV as a reference. The crystalline phases of the specimens were analyzed using X-ray diffraction (XRD)
(model: RIGAKU D/MAX2200) equipped with a monochromatic high-intensity Cu − Kα radiation (λ = 1.54
Å). UV–vis spectra were collected using a Ruili 1100 spectrophotometer (Cary 50, America) within the
wavelength range of 200–800 nm.

2.4. Ultrasonic vibration resistance tests
The hydrophobic wood specimens were immersed in absolute ethanol (20 mL) in a 500 mL glass with
ultrasonic treatment (power 100 W, frequency 100 kHz), and after every 5 min, the wood samples were
removed for further drying in an oven at 60°C. Subsequently, the WCAs of the new surfaces were
measured to determine the endurance ability of the wood and to determine the hydrophobic effect of
ultrasonic treatment.

2.5. Mechanical abrasion tests
A sandpaper abrasion test was conducted to qualitatively evaluate the wear resistance of the
superhydrophobic wood. A piece of 800 mesh sandpaper was fastened on a desktop with a wood
specimen of dimensions 25 × 25 mm was placed face-down on sandpaper. Then, a weight of 200 g was
fixed in the middle of the specimen and was moved 10 cm along the ruler. The water CAs of the new
surfaces were measured.

Results And Discussion

3.1 Characterization and chemical composition of asobtained superhydrophobic wood
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A durable superhydrophobic layer was efficiently constructed on the wood surface through in-situ
deposition of hierarchical TiO2 and a hydrophobic PDMS layer and crosslinking monomer MAPS. Owing
to the abundant hydrophilic groups and dense tubular structure, the need to drop the precursor solution
guaranteed the uniform coverage of particulate TiO2 in the longitudinal section of the wood.
Simultaneously, the presence of water in the air provided the conditions for the slow hydrolysis of the
precursor solution. As a representative high-efficiency energy source, EB was used to induce the
polymerization of free radicals on the wood surface with C = C bonds in MAPS, thus strengthening the
interface binding force of the superhydrophobic layer and wood surface. A series of technical methods
were applied to characterize the structure and properties of the prepared specimens.
The surface morphologies of pristine wood, Ti-wood, and R-Ti&P-wood at low and high magnifications
are shown in Fig. 1. There are microscale protuberances with some small vessel wall structures in the
pristine wood (Fig. 1a, b), indicating that the wood surface has self-roughness, which is conducive to the
construction of a superhydrophobic surface. It can be clearly observed that microscale protuberances
were neatly composed of abundant tubular structures with a relatively smooth surface (Fig. 1b). As
expected, granular TiO2 films were successfully covered on the exposed wood substrate by a hydrolytic
process, resulting in a micro/nano-roughness structure (Fig. 1c, d). After being radiated by EB with
PDMS/MAPS, the R-Ti&P-wood achieved superhydrophobicity and microscale TiO2 particulates became
more even and intensively scattered on the surface, which is largely beneficial for prompting
superhydrophobic surface mechanical durability and abrasion performance (Fig. 1e). The higher
magnification image revealed that many TiO2 microparticles (~ 500 nm in diameter) clumped together
into bigger aggregates and particles (> 1 µm) making up the granular roughness structures (Fig. 1f). This
hierarchical micro-nano dual structure composed of countless tiny bumps can effectively trap air to
generate superhydrophobicity.
The FT-IR spectra of pristine wood, Ti-wood, Ti&P-wood, and R-Ti&P-wood are shown in Fig. 2a. By
comparison, the different stages of the wood samples have the same absorption peaks. The strong and
prominent stretching vibration peak at 3392–3352 cm−1, which was attributed to the O-H group in all
wood samples, shifted to the low-wavenumber direction (Gao et al. 2016), indicating that the covered
TiO2 particles and the added crosslinking agent (MAPS) interact with the hydroxyl groups on the wood
surface. The bands at 2921 and 2855 cm−1 belonged to the asymmetrical and symmetrical stretching
vibrations of C-H groups (-CH3 and -CH2), and the peak at 1505 cm−1 is the characteristic C = C stretching
vibrations from the lignin aromatic ring in wood (Dong et al. 2019; Ma et al. 2013). For Ti-wood, Ti&Pwood, and R-Ti&P-wood, the common characteristic peaks at 610 cm−1 can be ascribed to the Ti-O-Ti
stretching vibration (Sun et al. 2011), which further illustrates that the TiO2 particulates were successfully
deposited on the surface of the wood samples and the coated TiO2 film still on the wood surface after the
addition of reactant and EB radiation. The absorption at 1039 and 801 cm−1 is assigned to the Si-O-C
functional group and Si-C functional group (Mahadik et al. 2011; Wang et al. 2019; Wang et al. 2019),
respectively, which confirm the presence of PDMS and MAPS chains on the Ti&P-wood and R-Ti&P-wood
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surfaces. Additionally, the peaks at 1736 and 1162 cm−1 correspond to the characteristic stretching
vibration of the C(= O)-O-C groups in the MAPS molecules (Hu et al. 2016). After EB radiation, the
decrease in the vibration peak at 1629 cm−1 is attributed to the C = C groups (Pantoja et al. 2009), which
is related to MAPS participation in the radiation curing process. The above results suggest that TiO2
particulates have been combined with the functional groups on the wood surface and together with the
low-surface-energy substance PDMS, promote the formation of superhydrophobic surfaces, particularly
the double bonds in MAPS, providing the possibility for the excellent durability of superhydrophobic
surfaces.
The chemical composition of the wood surface inevitably influences the wettability of the surface, which
was investigated using XPS. As shown in Fig. 2b, the pristine wood only exhibited the presence of C and
O. After in-situ sedimentation, new characteristic peaks of Ti 2s, Ti 2p, Ti 3s, and Ti 3p were observed for
the Ti-wood, which is related to the generation of TiO2 particulates on the surface. Another major element,
Si, was attached to the Ti&P-wood and the R-Ti&P-wood, indicating that the hydrophobic groups and
cross-linked molecular chains were successfully covered on the surface. In the case of R-Ti&P-wood, the
O 1s XPS spectrum shows two prominent peaks at 530.5 and 532.2 eV (Fig. 2c), corresponding to
carbonyl oxygen in MAPS and weakly adsorbed oxygen on the surface, respectively (Li et al. 2017;
Mostofi Sarkari et al. 2019). The symmetrical doublets of Ti 2p centered at 458.9 and 464.7 eV were
assigned to Ti 2p3/2 and Ti 2p1/2, and the splitting between the 2p doublets was 5.8 eV (Fig. 2d),
confirming the Ti4+ chemical state on the surface of R-Ti&P-wood, which is attributed to the oxidation
state in TiO2 (Esfandiar et al. 2012). Simultaneously, the typical Si 2p core-level spectrum (Fig. 2e) was
resolved into three peaks: including Si-O-C (~ 101.7 eV) (Dong and Liu 2016), Si-O-Si (~ 102.2 eV) (Li et al.
2016), and Si-O-Ti (~ 102.7 eV) (Jiang et al. 2011), representing the -Si-O-CH3 groups in MAPS and the -SiO-Si- groups from the PDMS hydrophobic agent. It is noteworthy that the existence of Si-O-Ti bonds
further suggests the condensation reaction between Ti-OH groups (from tetrabutyl titanate hydrolysis)
and the added reactant on the surface of R-Ti&P-wood. Figure 2f presents the XRD spectra of the pristine
wood, Ti-wood, Ti&P-wood, and R-Ti&P-wood surfaces, where sharp peaks at 2θ = 16°, 22°, and 35°
observed in all samples can be ascribed to the crystalline phase of cellulose fiber (101, 002, and 040),
which are the main constituents of lignocellulosic materials (Islam et al. 2012). After hydrolysis at room
temperature, the product of the dealcoholization condensation of Ti(OH)4 was further condensed to form
TiO2 particles. The detected peaks remained unaltered on treated wood surfaces (Fig. 2f), demonstrating
that the crystallization condition of the surface underwent negligible EB radiation effect and the growth
of TiO2 particles as an amorphous film structure. Overall, the above results unambiguously indicate that
the rough synaptic structure and low-surface-energy material were successfully embellished on the wood
surface. At the same time, owing to the high energy of EB radiation, the added crosslinking monomer
(MAPS) is combined with the wood surface through chemical bonds, which are crucial for promoting the
durability and stability of superhydrophobic surfaces for practical applications.

3.2 Anti-wettability of as-prepared superhydrophobicity RTi&P-wood
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Natural wood is a hydroxyl-rich and high-porosity material, and the hydrophobicity and stability of the asprepared wood surfaces are important for actual applications. When different liquids (water, cola,
methylene blue, Congo red, acid droplets and alkali droplets) were dripped onto the pristine wood surface,
the droplets gradually immersed into the wood along the circumference (Fig. 3a). Comparatively, the
liquids can maintain the visible spherical shape on the R-Ti&P-wood surface and the WCA was
approximately 165.7° (Fig. 3b, c), illustrating the excellent super-antiwetting capability of the obtained RTi&P-wood. At the same time, a water droplet (volume of 5 µL) easily rolls off the slightly inclined R-Ti&Pwood surface, indicating low WSA values (Video S1 and Fig. 3f). As shown in Fig. 3d, a sequence of
optical photographs, a water droplet (volume of 5 µL) appeared on the as-prepared wood at room
temperature, was recorded every 10 min for 30 min to investigate the stability of the fabricated
superhydrophobic wood for resistance to water. It can be found that the droplet remains standing on the
modified wood laminate and the WCA was greater than 165° (Table 1), demonstrating a consistent
phenomenon of the excellent super-antiwetting stability of superhydrophobicity wood. Furthermore, as
shown in Video S2, blue-colored water droplets falling vertically on the modified wood can quickly bounce
off the superhydrophobic surfaces. As depicted in Fig. 3e, the jet of blue-colored water impacted the
fabricated wood and experienced complete rebounding and departure owing to the interception of the air
layer, further confirming the excellent water-repellency and stability of the modified wood (Video S3).
Table 1 Contact angle of a water droplet (5 µL) on the R-Ti&P-wood surface.
Specimen

R-Ti&P-wood

Retention time (min)

0

10

20

30

Contact angle (θ, °)

166 ± 1°

167 ± 1°

166 ± 1°

166 ± 1°

3.3 Mechanical durability of as-fabricated R-Ti&P-wood
surface
Fabrication of microroughness structure and modification of low-surface-energy materials are the key
factors for the as-obtained superhydrophobic wood surfaces (Zhang et al. 2021). Specifically, the
interaction between the wood surfaces and micro/nanostructure layers affects the mechanical durability
of the as-prepared superhydrophobic surface. However, EB applies strong penetration to change the
internal molecular chain of wood; in this course, the ether bonds (lignin) and O-H bands (holocellulose)
are broken to produce free radicals, and subsequently combine with the MAPS monomer to form
interface interactions to prolong the lifetime of the as-obtained superhydrophobic surface. In this study, a
compact contact abrasion test and an ultrasonic treatment test were performed to destroy the asobtained wood surface to qualitatively evaluate the mechanical durability of superhydrophobic wood.
Figure 4a shows the results of the abrasion test. The superhydrophobic surface was rubbed on a refineabrasion sandpaper (800 mesh) along a transparent ruler with a weight of 200 g. It can be observed that
the WCA of Ti&P-wood rapidly decreased within the first abrasion length of 40 cm, and then the
downward trend became less pronounced, but it still remained hydrophobic with a WCA of 119°. The
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difference is that the R-Ti&P-wood surface retained its superhydrophobicity with a WCA higher than 150°,
even after an abrasion length of 80 cm, exhibiting excellent superhydrophobicity and steady abrasive
strength (Fig. 4a). The existence of the error bar was attributed to the hysteresis of the CA and the
untouched surface area during the abrasion process. Furthermore, to explore the variation in the surface
microroughness structure of the R-Ti&P-wood, SEM photographs after the compact contact abrasion test
are displayed in Fig. 4c and e. The hierarchical micro/nanostructure still exists (Fig. 4c), which indicates
that the as-prepared wood surface can provide a water barrier after harsh abrasion. In the magnified SEM
image (Fig. 4e), the more important point is that aggregation of the TiO2 particulates remains spherical
and without missing traces, which provides evidence for the strong adhesion of the superhydrophobic
layer.
To further evaluate the stability of the superhydrophobic wood surfaces before and after radiation, the
WCAs were recorded after 5 min of ultrasonic treatment in anhydrous ethanol solution, and the results are
displayed in Fig. 4b. After ultrasonic treatment, the superhydrophobicity of Ti&P-wood and R-Ti&P-wood
gradually decreased. Remarkably, after 15 min of ultrasonic treatment, R-Ti&P-wood maintained its
superhydrophobicity with WCAs greater than 150°, whereas, the WCA of Ti&P-wood displayed a
significant decrease, which indicated that radiation treatment was beneficial to enhance the stability of
the superhydrophobic surface structure. More importantly, a water droplet remained approximately
spherical on the R-Ti&P-wood surface (inset), and the WCA value was still > 150° after a 40 min test
(Fig. 4b). These changes suggest excellent superhydrophobicity in harsh environments. In addition, the
surface morphology of R-Ti&P-wood after ultrasonic treatment was investigated. As shown in Fig. 4d, the
constructed micro/nanostructure on the wood surface spread out in all directions to form a corrugated
microstructure, and TiO2 particulates gather around the folds. Figure 4f shows the magnified SEM image
of the R-Ti&P-wood surface after a 40 min test. Although the micro/nanostructure layers were destroyed,
the wood surface densely packed with a variety of micron-scale superhydrophobicity particles (Fig. 4f)
retains excellent water repellency. Overall, these results demonstrate that the superhydrophobic layer
possesses strong adhesion to wood specimens and the interaction of chemical bonds between the
reactants and wood surfaces is uniform. Furthermore, these properties contribute to the as-prepared
superhydrophobicity wood, which prolongs the service lifetime in a demanding environment, thus, this
superhydrophobic wood is a promising candidate for the fabrication of wooden construction materials.

3.4 UV resistance
Natural wood has extremely important practical applications in the furniture and architecture markets, but
it is inevitably exposed to solar irradiation, which causes irreversible damage to the surface and
mechanical properties of the wood (Yuan et al. 2019). Accordingly, the pristine wood and R-Ti&P-wood
surfaces were subjected to an accelerated UV weathering test (duration: 18 days, UV lamp power: 16 W,
wavelength: 254–365 nm, distance between sample surface and UV lamp: 25 cm), and the corresponding
visual appearances were recorded (Fig. 5a, b). After 18 days of UV irradiation, the color of the pristine
wood became noticeably darker from white to yellow. In contrast, there was no visible color change on the
R-Ti&P-wood surface, which manifested its prominent resistance to discoloration. The changes in the
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WCAs of R-Ti&P-wood upon UV irradiation are shown in Fig. 5c. As can be observed, when the R-Ti&Pwood was exposed to UV light for 18 days, the target surface maintained its superhydrophobicity with a
WCA of ~ 150°. In addition, the UV-absorption ability of the pristine wood and modified wood were
studied and the corresponding results are depicted in Fig. 5d. Broader absorption ranges of the pristine
wood surface were observed in the range of 200–400 nm, which suggests that it has better absorption of
ultraviolet light, thereby aggravating its photodegradation. As TiO2 particulates were deposited on the
surface, Ti-wood exhibited higher UV absorbance in the range of 200–330 nm than pristine wood. This
result illustrates the existence of TiO2 micro/nanoparticles that play an indispensable role in resisting UV
radiation. At the same time, the absorbance of Ti&P-wood and Ti-wood remained nearly constant in the
range of 200 to 410 nm, demonstrating that the added crosslinking agent and hydrophobic agent seldom
affect its anti-UV performance when interacting with the wood surface. Although, R-Ti&P-wood exhibited
a narrower absorption range than that of pristine wood, the maximum absorbance still reached 0.94. This
phenomenon can be explained by previous research that the valence band electrons of TiO2 absorb the
photon energy and undergo a transition, resulting in strong absorption in the UV region (Lan et al. 2013).
These results revealed that the as-fabricated superhydrophobic wood can effectively resist UV irradiation
to prolong its lifespan, especially in the field of outdoor architecture.

Conclusion
In summary, a highly durable and stable superhydrophobic wood surface was successfully prepared to
address the problem of superhydrophobic wood surfaces, the micro/nanostructure and low-surfaceenergy materials were easily destroyed, via the simple processes of sol–gel and efficient EB curing
technology. In this way, the modified wood exhibits prominent superhydrophobic properties with WCAs of
approximately 165.7°; meanwhile, a water droplet remains conspicuously spherical after standing on the
wood surface for 30 min. It is a remarkable fact that R-Ti&P-wood also shows excellent antiwetting
performance toward frequently used liquids in daily life, as well as highly acidic, and alkaline droplets.
Simultaneously, the hierarchically micro/nano-protrusion structure still existed to confer
superhydrophobicity on the obtained surface, even when subjected to mechanical abrasion (80 cm) and
ultrasonic treatment (40 min). In addition, R-Ti&P-wood possess excellent UV resistance, with a maximum
absorbance of 0.94, in the UV region, and the surface has no visible discoloration after long-term UV
irradiation (18 days). More importantly, this protocol could be considered an efficacious pathway for the
large-scale manufacturing of high-performance superhydrophobic materials on analogous hydroxylplentiful substrate surfaces.

Declarations
Acknowledgments
We greatly appreciate supports from Science Challenge Project, No. TZ2018004, the National Key R&D
Program of China NO. 2016YFB0303004, National Natural Science Foundation of China (11305243,
11675247, 21802095).
Page 10/19

Conflict of interest The author declares that they have no conflict of interest.
Ethical approval The study meets all relevant ethical standards and approvals.
Human and animal rights No human or animal subjects were involved in this study.
Informed consent All authors have consented to the publication of the manuscript.

References
1. Chao W, Wang S, Li Y, Cao G, Zhao Y, Sun X, Wang C, Ho S (2020) Natural sponge-like wood-derived
aerogel for solar-assisted adsorption and recovery of high-viscous crude oil. Chem Eng J 400:125865
2. Chen S, Zhuo D, Hu J (2018) Sol–Gel Technology Plus Radiation Curing: A Novel and Facile
Technique for Preparing Thick, Large-Area Hyperbranched Polysiloxane Hybrids. Ind Eng Chem Res
57:10372–10378
3. Chen Z, Dang B, Luo X, Li W, Li J, Yu H, Liu S, Li S (2019) Deep Eutectic Solvent-Assisted In Situ
Wood Delignification: A Promising Strategy To Enhance the Efficiency of Wood-Based Solar Steam
Generation Devices. Acs Appl Mater Inter 11:26032–26037
4. Crivello JV (2002) Advanced curing technologies using photo- and electron beam induced cationic
polymerization. Radiat Phys Chem 63:21–27
5. Croitoru C, Patachia S, Doroftei F, Parparita E, Vasile C (2014) Ionic liquids influence on the surface
properties of electron beam irradiated wood. Appl Surf Sci 314:956–966
6. Dong R, Liu L (2016) Preparation and properties of acrylic resin coating modified by functional
graphene oxide. Appl Surf Sci 368:378–387
7. Dong Y, Zhang W, Hughes M, Wu M, Zhang S, Li J (2019) Various polymeric monomers derived from
renewable rosin for the modification of fast-growing poplar wood. Composites Part B: Engineering
174:106902
8. Esfandiar A, Ghasemi S, Irajizad A, Akhavan O, Gholami MR (2012) The decoration of TiO2/reduced
graphene oxide by Pd and Pt nanoparticles for hydrogen gas sensing. Int J Hydrogen Energ
37:15423–15432
9. Feng L, Li S, Li Y, Li H, Zhang L, Zhai J, Song Y, Liu B, Jiang L, Zhu D (2002) Super-Hydrophobic
Surfaces: From Natural to Artificial. Advanced materials (Weinheim) 14:1857–1860
10. Gao L, Gan W, Xiao S, Zhan X, Li J (2016) A robust superhydrophobic antibacterial Ag-TiO2
composite film immobilized on wood substrate for photodegradation of phenol under visible-light
illumination. Ceram Int 42:2170–2179
11. Guan H, Cheng Z, Wang X (2018) Highly Compressible Wood Sponges with a Spring-like Lamellar
Structure as Effective and Reusable Oil Absorbents. Acs Nano 12:10365–10373
12. Guo H, Fuchs P, Casdorff K, Michen B, Chanana M, Hagendorfer H, Romanyuk YE, Burgert I (2017)
Bio-Inspired Superhydrophobic and Omniphobic Wood Surfaces. Adv Mater Interfaces 4
Page 11/19

13. Guo Z, Gao C, Li J, Liu Y, Zheng Y (2019) Antiicing Properties of Bioinspired Liquid-Infused Double‐
Layer Surface with Internal Wetting Transport Ability. Adv Mater Interfaces 6:1900244
14. Han Z, Fu J, Wang Z, Wang Y, Li B, Mu Z, Zhang J, Niu S (2017) Long-term durability of
superhydrophobic properties of butterfly wing scales after continuous contact with water. Colloid
Surface a 518:139–144
15. Hu J, Gao Q, Xu L, Zhang M, Xing Z, Guo X, Zhang K, Wu G (2016) Significant Improvement in
Thermal and UV Resistances of UHMWPE Fabric through in Situ Formation of Polysiloxane–TiO2
Hybrid Layers. Acs Appl Mater Inter 8:23311–23320
16. Islam MS, Hamdan S, Jusoh I, Rahman MR, Ahmed AS (2012) The effect of alkali pretreatment on
mechanical and morphological properties of tropical wood polymer composites. Mater Design
33:419–424
17. Jia S, Lu Y, Luo S, Qing Y, Wu Y, Parkin IP (2019) Thermally-induced all-damage-healable
superhydrophobic surface with photocatalytic performance from hierarchical BiOCl. Chem Eng J
366:439–448
18. Jiang Z, Dai X, Middleton H (2011) Effect of silicon on corrosion resistance of Ti–Si alloys. Materials
Science Engineering: B 176:79–86
19. Kumar V, Misra N, Paul J, Bhardwaj YK, Goel NK, Francis S, Sarma KSS, Varshney L (2013)
Organic/inorganic nanocomposite coating of bisphenol A diglycidyl ether diacrylate containing silica
nanoparticles via electron beam curing process. Prog Org Coat 76:1119–1126
20. Lan Y, Lu Y, Ren Z (2013) Mini review on photocatalysis of titanium dioxide nanoparticles and their
solar applications. Nano Energy 2:1031–1045
21. Li H, Lu Y, Liu H (2016) Electron beam curing of poly(ethylene glycol) diglycidyl ether-functionalized
MWNTs/epoxy composites. J Compos Mater 50:1595–1602
22. Li Q, Guo L, Qiu T, Xiao W, Du D, Li X (2016) Synthesis of waterborne polyurethane containing
alkoxysilane side groups and the properties of the hybrid coating films. Appl Surf Sci 377:66–74
23. Li Z, Zhang W, Yuan C, Su Y (2017) Controlled synthesis of perovskite lanthanum ferrite nanotubes
with excellent electrochemical properties. Rsc Adv 7:12931–12937
24. Lin W, Huang Y, Li J, Liu Z, Yang W, Li R, Chen H, Zhang X (2018) Preparation of highly hydrophobic
and anti-fouling wood using poly(methylhydrogen)siloxane. Cellulose 25:7341–7353
25. Lin W, Zhang X, Cai Q, Yang W, Chen H (2020) Dehydrogenation-driven assembly of transparent and
durable superhydrophobic ORMOSIL coatings on cellulose-based substrates. Cellulose 27:7805–
7821
26. Liu M, Qing Y, Wu Y, Liang J, Luo S (2015) Facile fabrication of superhydrophobic surfaces on wood
substrates via a one-step hydrothermal process. Appl Surf Sci 330:332–338
27. Ma Q, Liu X, Zhang R, Zhu J, Jiang Y (2013) Synthesis and properties of full bio-based thermosetting
resins from rosin acid and soybean oil: the role of rosin acid derivatives. Green Chem 15:1300–1310

Page 12/19

28. Mahadik DB, Rao AV, Rao AP, Wagh PB, Ingale SV, Gupta SC (2011) Effect of concentration of
trimethylchlorosilane (TMCS) and hexamethyldisilazane (HMDZ) silylating agents on surface free
energy of silica aerogels. J Colloid Interf Sci 356:298–302
29. Mahltig B, Swaboda C, Roessler A, Boettcher H (2008) Functionalising wood by nanosol application.
JOURNAL OF MATERIALS CHEMISTRY 18:3180–3192
30. Mostofi Sarkari N, Doğan Ö, Bat E, Mohseni M, Ebrahimi M (2019) Assessing effects of (3aminopropyl)trimethoxysilane self-assembled layers on surface characteristics of organosilanegrafted moisture-crosslinked polyethylene substrate: A comparative study between chemical vapor
deposition and plasma-facilitated in situ grafting methods. Appl Surf Sci 497:143751
31. Pantoja M, Díaz-Benito B, Velasco F, Abenojar J, Del Real JC (2009) Analysis of hydrolysis process of
γ-methacryloxypropyltrimethoxysilane and its influence on the formation of silane coatings on 6063
aluminum alloy. Appl Surf Sci 255:6386–6390
32. Renneckar S, Zhou Y (2009) Nanoscale Coatings on Wood: Polyelectrolyte Adsorption and Layer-byLayer Assembled Film Formation. Acs Appl Mater Inter 1:559–566
33. Sargent R (2019) Evaluating dimensional stability in solid wood: a review of current practice. J Wood
Sci 65
34. Schnabel T, Huber H, Grünewald TA, Petutschnigg A (2015) Changes in mechanical and chemical
wood properties by electron beam irradiation. Appl Surf Sci 332:704–709
35. Sun Q, Lu Y, Liu Y (2011) Growth of hydrophobic TiO2 on wood surface using a hydrothermal
method. J Mater Sci 46:7706–7712
36. Sun S, Zhu L, Liu X, Wu L, Dai K, Liu C, Shen C, Guo X, Zheng G, Guo Z (2018) Superhydrophobic
Shish-kebab Membrane with Self-Cleaning and Oil/Water Separation Properties. Acs Sustain Chem
Eng 6:9866–9875
37. Tu K, Wang X, Kong L, Guan H (2018) Facile preparation of mechanically durable, self-healing and
multifunctional superhydrophobic surfaces on solid wood. Mater Design 140:30–36
38. Wang B, Ming Y, Zhu Y, Yao X, Ziegmann G, Xiao H, Zhang X, Zhang J, Duan Y, Sun J (2020)
Fabrication of continuous carbon fiber mesh for lightning protection of large-scale wind-turbine
blade by electron beam cured printing. Additive Manufacturing 31:100967
39. Wang M, Zhang M, Pang L, Yang C, Zhang Y, Hu J, Wu G (2019) Fabrication of highly durable
polysiloxane-zinc oxide (ZnO) coated polyethylene terephthalate (PET) fabric with improved
ultraviolet resistance, hydrophobicity, and thermal resistance. J Colloid Interf Sci 537:91–100
40. Wang M, Zhang M, Zhang M, Aizezi M, Zhang Y, Hu J, Wu G (2019) In-situ mineralized robust
polysiloxane–Ag@ZnO on cotton for enhanced photocatalytic and antibacterial activities. Carbohyd
Polym 217:15–25
41. Wang N, Wang Q, Xu S, Qu L, Shi Z (2021) Robust superhydrophobic wood surfaces with mechanical
durability. Colloids Surf A 608:125624
42. Wang Q, Yao X, Liu H, Quéré D, Jiang L (2015) Self-removal of condensed water on the legs of water
striders. Proceedings of the National Academy of Sciences 112: 9247–9252
Page 13/19

43. Wang S, Liu C, Liu G, Zhang M, Li J, Wang C (2011) Fabrication of superhydrophobic wood surface
by a sol–gel process. Appl Surf Sci 258:806–810
44. Wang Y, Yan W, Frey M, Vidiella Del Blanco M, Schubert M, Adobes-Vidal M, Cabane E (2019) LiquidLike SiO2-g-PDMS Coatings on Wood Surfaces with Underwater Durability, Antifouling, Antismudge,
and Self-Healing Properties. Advanced Sustainable Systems 3:1800070
45. Wisdom KM, Watson JA, Qu X, Liu F, Watson GS, Chen CH (2013) Self-cleaning of superhydrophobic
surfaces by self-propelled jumping condensate. Proceedings of the National Academy of Sciences
110: 7992–7997
46. Wu Y, Jia S, Qing Y, Luo S, Liu M (2016) A versatile and efficient method to fabricate durable
superhydrophobic surfaces on wood, lignocellulosic fiber, glass, and metal substrates. J Mater Chem
a 4:14111–14121
47. Yang Y, Shan L, Shen H, Qiu J (2021) Manufacturing of robust superhydrophobic Wood surfaces
based on PEG–Functionalized SiO2/PVA/PAA/Fluoropolymer hybrid transparent coating. Prog Org
Coat 154:106186
48. Yang Z, Qi Y, Zhang J (2019) A novel perspective for reflective cooling composites: Influence of the
difference between the effective refractive index of polymeric matrix and inorganic functional
particles. Constr Build Mater 223:928–938
49. Yuan B, Ji X, Nguyen TT, Huang Z, Guo M (2019) UV protection of wood surfaces by graphitic carbon
nitride nanosheets. Appl Surf Sci 467–468:1070–1075
50. Yue D, Lin S, Cao M, Lin W, Zhang X (2021) Fabrication of transparent and durable superhydrophobic
polysiloxane/SiO2 coating on the wood surface. Cellulose 28:3745–3758
51. Zang D, Zhu R, Zhang W, Yu X, Lin L, Guo X, Liu M, Jiang L (2017) Corrosion-Resistant
Superhydrophobic Coatings on Mg Alloy Surfaces Inspired by Lotus Seedpod. Adv Funct Mater
27:1605446
52. Zhang J, Duan Y, Zhao X, Wang B (2017) Irradiation dose control for polymer-matrix composites
fabricated by in situ curing with low-energy electron beam. J Appl Polym Sci 134
53. Zhang M, Chen J, Wang M, Li R, Yuan M, Feng X, He Y, Xing Z, Hu J, Wu G (2021) Electron beaminduced preparation of AIE non-woven fabric with excellent fluorescence durability. Appl Surf Sci
541:148382
54. Zhang W, Wang D, Sun Z, Song J, Deng X (2021) Robust superhydrophobicity: mechanisms and
strategies. Chem Soc Rev 5:431–461
55. Zhu M, Song J, Li T, Gong A, Wang Y, Dai J, Yao Y, Luo W, Henderson D, Hu L (2016) Highly
Anisotropic, Highly Transparent Wood Composites. Adv Mater 28:7563

Figures

Page 14/19

Figure 1
SEM photographs of a, b) the pristine wood, c, d) Ti-wood and e, f) R-Ti&P-wood at different
magnifications.
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Figure 2
(a) FT-IR spectra of pristine wood, Ti-wood, Ti&P-wood, and R-Ti&P-wood; (b) XPS survey-scan spectra of
pristine wood, Ti-wood, Ti&P-wood, and prepared R-Ti&P-wood; (c) O 1s, (d) Ti 2p and (e) Si 2p spectra of
R-Ti&P-wood; (f) XRD pattern of pristine wood, Ti-wood, Ti&P-wood, and R-Ti&P-wood.
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Figure 3
Photograph of different aqua-phase liquid including water, cola, methylene blue, Congo red, water with pH
= 2 and water with pH = 13 on (a) pristine wood and (b) modified R-Ti&P-wood; (c) static water contact
angle photograph of R-Ti&P-wood; (d) contours of a water droplet on superhydrophobicity R-Ti&P-wood
surface; (e) jet of blue-colored water rebounds on R-Ti&P-wood; (f) photographs of water droplet on a
slightly inclined R-Ti&P-wood surface.
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Figure 4
(a) Contact angle of Ti&P-wood and R-Ti&P-wood after each sandpaper abrading. (b) Effect of ultrasonic
treatment time on the contact angle of Ti&P-wood and R-Ti&P-wood. SEM images: c, e) R-Ti&P-wood
surface after sandpaper abrading (80 cm); d, f) R-Ti&P-wood surface after ultrasonic treatment (40 min).
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Figure 5
(a, b). Photographs of the pristine wood and R-Ti&P-wood within 18 days (taken every three days) after
UV irradiation. (c). Contact angles change of R-Ti&P-wood versus UV irradiation time. (d). UV–vis spectra
of the pristine wood, Ti-wood, Ti&P-wood and R-Ti&P-wood.

Supplementary Files
This is a list of supplementary files associated with this preprint. Click to download.
VideoS1.avi
VideoS2.mp4
VideoS3.mp4
GraphicalAbstract.png
Scheme1.png

Page 19/19

