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Negative Oxygen Ions Production 
by Superamphiphobic and 
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According to statistics, early in the 20th century, the proportion of positive and negative air ions on 
the earth is 1 : 1.2. However, after more than one century, the equilibrium state of the proportion had 
an obvious change, which the proportion of positive and negative air ions became 1.2 : 1, leading to a 
surrounding of positive air ions in human living environment. Therefore, it is urgent to adopt effective 
methods to improve the proportion of negative oxygen ions, which are known as “air vitamin”. In this 
study, negative oxygen ions production by the TiO2/Cu2O-treated wood under UV irradiation was first 
reported. Anatase TiO2 particles with Cu2O particles were doped on wooden substrates through a two-
step method and further modification is employed to create remarkable superamphiphobic surface. The 
effect of Cu2O particles dopant on the negative oxygen ions production of the TiO2-treated wood was 
investigated. The results showed that the production of negative oxygen ions was drastically improved 
by doping with Cu2O particles under UV irradiation. The wood modified with TiO2/Cu2O composite film 
after hydrophobization is imparted with superamphiphobicity, antibacterial actions against Escherichia 
coli, and negative oxygen ions production under UV irradiation.

Nowadays, with the development of social and economic and the improvement of living standards, the human 
health awareness is also growing. Especially after the mechanism of the action of negative oxygen ions and its 
effects have been increasingly understood, the negative oxygen ions products will be developed as a kind of 
functional products1–3. As the oxygen molecule captured an electron, the oxygen molecule is defined as negative 
oxygen ion (O2

−)4,5. The negative oxygen ions are also known as “air vitamin” due to its important meanings to 
human life activities. Meanwhile, the effects of negative oxygen ions on human health and ecological environment 
have been validated by domestic and foreign medical experts through clinical practices6,7. The researchers have 
found that negative oxygen ions could combine with bacteria, dust, smoke and some other positively charged 
particles in the atmosphere, and fall to the ground after gathering into balls, which would lead to the sterilization 
and the elimination of peculiar smell, that is, a purification of atmosphere. And the biological effects of super-
oxide (O2

−) are considered in relation to the reactions leading to cell death and to the metabolism of certain 
endogenous compounds8. At the same time, O2

− production probably take place by surface ionization, which is 
identified as a viable ionization technique to have the potential to meet the requirements concerning ionization 
efficiency for the energy range of 10 eV to 1 keV within the limitations imposed by the resources (space, weight, 
powder, light, ect.) available on a proper surface5. Therefore, artificial method to achieve negative oxygen ions 
include UV irradiation, anion incentive, thermionic emission, corona discharge, charge separation, high-pressure 
water injection, tourmaline and other natural ores, and so on. In this paper, we adopt anion incentive method, 
which selected suitable photocatalyst irradiated by light to excite energy, and the excitation energy ionized the 
oxygen molecule to produce negative ions. At the same time, O2

− production probably takes place under the 
natural conditions as a result of gas ionization in the atmosphere.
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So far, in most applications of photocatalyst, an n-type TiO2 semiconductor has been used9–11. Semiconductor 
materials are materials whose valence band and conduction band are separated by an energy gap or band gap. 
When the semiconductor material absorbs photons with energy equal or larger than its band gap, electrons in the 
valence band can be excited and migrate to the conduction band. For example, when TiO2 semiconductor mate-
rials with the forbidden bandgap of 3.2 eV are irradiated by light consisting of wavelengths shorter than 415 nm, 
the electron-hole pairs are produced after the migration of electrons. Then, the electron and hole react with water 
and oxygen, it would produce hydroxyl radicals (·OH) and superoxide (O2

−). However, the recombination of 
the electron and the hole would happen, that is, the superoxide (O2

−) is reduced. Therefore, in order to suppress 
the recombination of the electron and the hole and enhance the migration of charges, much attention has been 
focused on the modification of TiO2 by adding metal ions or oxides12–14. Among the metal ions and oxides, Cu2O 
is a nonstoichiometric p-type semiconductor with a direct forbidden bandgap of about 2.0 eV, whose component 
elements are inexpensive and abundantly available15,16. And doping Cu2O with TiO2 forming an n-p heterostruc-
ture is an effective way to enhance the photocatalytic activity of TiO2 photocatalyst.

As a natural material, wood is one of the most versatile and widely used structural materials for indoor and 
outdoor applications because of its many attractive properties, such as its low density, thermal expansion, renew-
ability, and aesthetics17. Especially for indoor applications, such as floorboards and furniture, however, the process 
technology with the using of urea formaldehyde resin causes serious air pollution leading to human disease18. In 
addition, negative oxygen ions have a lot of advantages for environment including dust extraction, bacteriostasis 
and deodorization. Therefore, negative-ion wooden materials may have promising prospect in the future devel-
opment of multifunctional materials.

Based on above considerations, in this paper, we imagine a TiO2/Cu2O composite coating on a wooden sub-
strate, and the further modification with low surface energy of (heptadecafluoro-1,1,2,2-tetradecyl)trimeth-
oxysilane is employed to create remarkable superamphiphobic surface. The wood decorated with TiO2/Cu2O 
composite film after hydrophobization might also be imparted with superamphiphobicity, antibacterial actions 
against Escherichia coli, and negative oxygen ions production under UV irradiation. Moreover, the mechanism 
of the negative oxygen ions production on TiO2/Cu2O-treated wood under UV irradiation was discussed in the 
paper.

Results
Field-emission scanning electron microscopy (FE-SEM) images in Fig. 1 show microstructural features of the 
procedure of the TiO2/Cu2O composite film deposited on the wood substrates. For the pristine wood (Fig. 1a), 

Figure 1.  SEM images of the surfaces of (a) the original wood, (b) the TiO2-treated wood, and (c) the TiO2/
Cu2O-treated wood. (d) TEM image of the TiO2/Cu2O-treated wood.
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the surface is smooth and clean, but there are a few of pits, which indicates that the poplar wood is a type of het-
erogeneous and porous material. After low-temperature hydrothermal synthesis, the wood surface is covered by 
TiO2 microparticles with average diameter of 2.25 μ​m, as shown in Fig. 1b. Low magnification image in Fig. 1c 
shows that the TiO2/Cu2O composite layer is very dense, and the Cu2O particles spread all over the top surface of 
the TiO2-treated wood. The composite film replicates the grain structures with TiO2 particles and Cu2O particles. 
The transmission electron microscopy (TEM) image of the TiO2/Cu2O-treated wood in Fig. 1d shows that the 
film is formed by rough grains with average diameter of 0.60 μ​m. It is worth pointing out that the rough grains 
would significantly increase the water-repellent properties of the surfaces19.

Figure 2a shows the XRD patterns of the original wood, the TiO2-treated wood and the TiO2/Cu2O-treated 
wood. For the original wood, there is no peak except the diffraction peaks at 14.8° and 22.5° belonging to the 
(101) and (002) crystal planes of cellulose in the wood, which could be observed in both the spectrum of the orig-
inal wood and the treated wood samples20. It can be found that the diffraction peaks are well indexed to the stand-
ard diffraction pattern of anatase phase TiO2 (JCPDS file No. 21–1272) and the cuprite phase of Cu2O (JCPDS file 
No. 05–0667)21, indicating that the present synthesis strategy successfully achieves TiO2/Cu2O heterostructures 
with high crystallinity on wood substrate. After deposition with TiO2 particles, diffraction peaks at 25.2°, 38.0°, 
47.8°, 54.2°, 62.5°, 68.8° and 74.9°, can be perfectly identified to (101), (004), (200), (211), (204), (116) and (215) 
crystal planes of anatase TiO2, respectively22. The red curve in Fig. 2a shows that all of the new diffraction peaks 
of the TiO2/Cu2O-treated wood center at 2θ =​ 36.4°, 42.3°, 61.6° and 73.8°, except the diffraction peaks of TiO2, 
are agree with (111), (200), (220) and (311) planes of pure cuprite Cu2O17.

Figure 2b shows FTIR spectra of the pristine wood and the hydrophobized TiO2/Cu2O-treated wood. The 
band at 3348 cm−1 corresponding to the stretching vibrations of OH groups in the wood (black curve) shifts to 
larger wavenumbers of 3413 cm−1 (green curve), and the intensity comparatively decreases, indicating that the 
hydrophilic groups (−​OH) of the wood decreases in the hydrophobized TiO2/Cu2O-treated wood23. The band 
at 1738 cm−1 is attributed to the C=​O stretching vibrations of carboxylic acid and acetyl group in hemicelluloses 
(black curve), while the band at 1665 cm−1 assigned to an conjugated carbonyl in lignin is observed (green curve). 
In Fig. 2b, the existence of C–F bonds in CF, CF2 or CF3 are located at 1276 cm−1 and 594 cm−1  24, and the band at 
617 cm−1 corresponds to stretching vibration of Cu(I)–O bond (optically active lattice vibration in the oxide)25,26. 
That is, the as-synthesized TiO2/Cu2O heterostructures on the wood surface contain Cu2O without CuO.

Figure 3 demonstrates the variation (from region A to region B) of the water contact angles and oil (hexade-
cane) contact angles of the original wood, the TiO2-treated wood, TiO2/Cu2O-treated wood, and the hydropho-
bized TiO2/Cu2O-treated wood. The original wood surface presents hydrophilicity with the WCA of 58.7° and 
superoleophilicity with the OCA of 0°. And the TiO2-treated wood possesses a superamphiphilic surface with 
both the WCA and the OCA of 0°. After coated with Cu2O particles, the wood surface converts into hydrophobic 
one with the WCA of 120.1°, while remains superoleophilic with the OCA of 0°. According to the literatures, 
higher treatment temperature levels had a likely round-shape of water droplets on the surface, however it is more 
flat shape on the original sample since the liquid rapidly absorbed and lead to small contact angle27–29. Surface 
of wood becomes smoother with increasing temperatures of heat treatment having better wettability expressed 
with larger contact angle value. Hemicellulose is greatly affected during the heat treatment and the organic acid 
is released from the degradation of the hemicellulose, which influences the cross-linking reduction in hydroxyl 
groups (OH−​). Hydrophobicity of wood will also increase with decreasing of the (OH−​) groups. Furthermore, 
it is known that the larger roughness and the lower surface energy of surfaces would lead to the hydrophobicity. 
After coating with Cu2O particles, the roughness of the surface became larger to produce a hydrophobic surface.

After further hydrophobization with FAS-17, the hydrophobicity of the wood surface is raised to superamphi-
phobicity, while the WCA and the OCA reach 158.6° and 154.3°, respectively. The results are in accordance with 
the FTIR results that the hydrophilic groups (–OH) of the wood decease in the hydrophobized TiO2/Cu2O-treated 
wood, that is, the liquid-repellent properties of wood surfaces are significantly increased.

Figure 2.  (a) XRD patterns of the original wood, the TiO2-treated wood, and the TiO2/Cu2O-treated wood.  
(b) FTIR spectra of the original wood and the hydrophobized TiO2/Cu2O-treated wood.
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Figure 4 ascertains more detailed information concerning the elemental and chemical state of the TiO2-treated 
wood and the TiO2/Cu2O-treated wood examined by using XPS. The fully scanned spectra (Fig. 4a) shows that 
the O, Ti and C elements exist on the surface of the pure TiO2-treated wood, while the Cu, O, Ti and C elements 
exist on the surface of the TiO2/Cu2O-treated wood. The C element can be ascribed to the wood substrate or the 
adventitious carbon–based contaminant.

From the peaking-fitting for the Ti 2p (Fig. 4b) in the TiO2-treated wood and the TiO2/Cu2O-treated wood, 
two peaks at binding energies of 459.0 eV and 464.8 eV corresponding to the Ti 2p3/2 and Ti 2p1/2 peaks can 
be observed. And the gap of 5.8 eV between the two peaks indicates the existence of the Ti4+ oxidation state30. 
However, the peak position for Ti 2p in the TiO2/Cu2O-treated wood shifts to a higher binding energy band than 
that in the pure TiO2-treated wood. This confirms a lower electron density of the Ti atoms after coated with Cu2O 

Figure 3.  WCAs and OCAs of the original wood, the TiO2-treated wood, the TiO2/Cu2O-treated wood, and 
the hydrophobized TiO2/Cu2O-treated wood. 

Figure 4.  (a) Survey scan and (b) Ti 2p XPS spectra of the TiO2-treated wood and the TiO2/Cu2O-treated 
wood, (c) peaking-fitting results of Ti 2p XPS spectra of the TiO2/Cu2O-treated wood after UV light irradiation, 
(d) Cu 2p XPS spectra of the TiO2/Cu2O-treated wood.
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particles, and there is a strong interaction between Cu2O and TiO2 in the TiO2/Cu2O-treated wood. According 
to the standard binding energy of Ti 2p3/2, one located at 459.5 eV, usually attributed to a Ti4+ species, and the 
other located at 457.7 eV, assigned to a Ti3+ species. The binding energy of Ti 2p3/2 in the pure TiO2-treated wood 
and the TiO2/Cu2O-treated wood without UV light irradiation is 459.0 eV and 459.2 eV, respectively. The binding 
energy of Ti 2p3/2 shown in Fig. 4c is 458.8 eV, whose peak is much broader than that for the pure TiO2-treated 
wood and the TiO2/Cu2O-treated wood without UV light irradiation. The spectrum of Ti 2p3/2 of the TiO2/
Cu2O-treated wood after UV light irradiation (Fig. 4c) is simulated with Gaussian simulation. The fitting peak at 
458.2 eV is attributed to Ti3+, and that at 459.0 eV is attributed to Ti4+, respectively31. Thus, Ti3+ does exist in the 
TiO2/Cu2O-treated wood when it is irradiated under UV light. Certainly, the presence of Ti3+ oxide with narrow 
band gap and energy level located between the valence band and the conduction band of TiO2, may be advanta-
geous to the higher photocatalytic activity of the TiO2/Cu2O heterostructures32.

As shown in Fig. 4d, it can be found that two main XPS peaks at 952.6 eV and 932.9 eV, which can be attributed 
to the double peaks for Cu 2p3/2 and Cu 2p1/2 of Cu2O, respectively, indicating that the oxidation state of Cu is +​125.

To investigate the band alignment and thus the charge transfer between TiO2 and Cu2O on the TiO2/
Cu2O-treated wood, the Mott-Schottky (M-S) plots of the pure TiO2-treated wood and the TiO2/Cu2O-treated 
wood (Fig. 5) based on the following equation33:

ε ε= − −−C V V k e eN2( T/ )/ r
2

fb B 0 A

are used to determine their flat band potential Vfb and charge carrier density NA. Here, C is the space-charge 
capacitance of the semiconductor; ε0 is the permittivity in vacuum (ε0 =​ 8.85×​ 10−14 F/cm); εr is the dielectric 
constant; V is the applied potential; T is the temperature and kB is Boltzmann constant (kB =​ 1.38 ×​ 10−23 J/K). 
From the linear fit of C−2 versus V, Vfb for the pure TiO2-treated wood and the TiO2/Cu2O-treated wood is 
obtained to be −​0.48 eV and −​0.57 eV ν​s. SCE, respectively. Therefore, it can be observed a negative shift of the 
flat band potential in Fig. 5b that indicates the sample after coated with Cu2O particles needs to cross smaller 
potential barrier and is beneficial to the production of photogenerated electrons and holes.

Considering the respective band gaps of 3.2 eV and 2.0 eV for TiO2 and Cu2O, the band alignment diagram 
of the TiO2/Cu2O heterostructures is shown in Fig. 6a. When TiO2 and Cu2O came into contact, an n-p junction 
formed at their interface. It is well known that the conduction band of TiO2 is about −​0.2 eV, and the potential of 
Cu2O conduction band is −​1.4 eV. The photogenerated electrons from the conduction band of Cu2O were cap-
tured by Ti4+ ions in TiO2, and Ti4+ ions were further reduced to Ti3+ ions. The Ti3+ ions have a long lifetime and 
bear the photogenerated electrons as a form of energy34. The electron-transfer process is shown in Eqs (1) and (2):

+ → ++ −hvCu O h e (1)2 vb cb

+ →− + +e Ti Ti (2)cb
4 3

While on the TiO2/Cu2O heterostructures, the ·OH and H+ came from the indirect oxidization of the adsorbed 
water or hydroxyl groups at the positive holes35. Meanwhile, the negative oxygen ions (O2

−) are produced through 
the reaction between the negative electron and the oxygen molecules. Moreover, the energy stored in the Ti3+, 
may promote a trapping of electrons leading to produce negative oxygen ions under the natural conditions34. 
Under UV irradiation, the negative oxygen ions production process (Fig. 6b) is shown in Eqs (3–5):

+ → ++ −hvTiO /Cu O h e (3)2 2

+ → ⋅ ++ − +h OH /H O OH H (4)2

+ →− −e O O (5)2 2

Figure 5.  Mott-Schottky plots of (a) the pure TiO2-treated wood and (b) the TiO2/Cu2O-treated wood.
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In order to investigate the negative oxygen ions production in the obturator when UV irradiated the samples 
surfaces, the negative oxygen ions concentrations in the obturator for every 5 minutes are depicted in Fig. 7a. 
Firstly, the initial negative oxygen ions concentrations in the obturator for the three samples are 0 ions/cm3. It 
is obvious that, for both the TiO2-treated wood and the hydrophobized TiO2/Cu2O-treated wood, the negative 
oxygen ions concentrations are dramatically increased, after 35 or 40 minutes irradiation, the concentrations is 
decreased but still superior to that of the original wood. The blame for falling lays on that the negative oxygen 
ions will not increase indefinitely, and the negative oxygen ions concentration in the nature locates between 700 
and 4000 ions/cm3, which may ascribed to the neutralization of the positive and negative ions, and the inhibition 
effect of the negative ions in the atmosphere to maintain a level when the negative ions concentration saturates 
to a certain extent.

Figure 7b presents the negative oxygen ions concentration in the environment near computer and the negative 
oxygen ions concentrations in the obturator after UV irradiated the samples surfaces for 60 minutes. The negative 
oxygen ions concentration in the environment near computer is achieved by calculating the average of the total 
amount concentration of every 5 minutes in 60 minutes. As for the environment near computer, the negative oxy-
gen ions concentration in the atmosphere is 380 ions/cm3, which may be the reason that causes physiological bar-
rier and severe illness. And for the original wood and the TiO2-treated wood after irradiation, the negative oxygen 

Figure 6.  (a) Illustration of the photocatalysis mechanism at the TiO2/Cu2O heterostructures, and (b) possible 
scheme for negative oxygen ions production on the TiO2/Cu2O-treated wood under UV irradiation.

Figure 7.  (a) Negative oxygen ions concentrations in the obturator when UV irradiated the samples surfaces. 
(b) Negative oxygen ions concentration in the environment near computer and negative oxygen ions 
concentrations in the obturator after UV irradiated the samples surfaces for 60 minutes.
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ions concentrations in the obturator are 600 and 900 ions/cm3, respectively. Whereas for the hydrophobized TiO2/
Cu2O-treated wood, it exhibits a much higher concentrations of 1700 ions/cm3, indicating the photocatalytic 
activity and negative oxygen ions production efficiency of the hydrophobized TiO2/Cu2O-treated wood is signifi-
cantly improved due to the loading of the Cu2O particles onto the surface of the TiO2-treated wood. According to 
the regulation of World Health Organization, when the concentration of negative oxygen ions in the air is more 
than 1000 ∼​ 1500 ions/cm3, the air is regarded as the fresh air36. Thus, the air including negative oxygen ions pro-
duced by the hydrophobized TiO2/Cu2O-treated wood under UV irradiation is up to the standard of the fresh air.

Antibacterial activities of wood samples are determined in terms of inhibition zone formed on agar medium. 
Figure 8a,b present that the TiO2-treated wood and the Cu2O-treated wood, which are used as control groups, do 
not show any antibacterial activity for both Escherichia coli and Staphylococcus aureus. In Fig. 8c, it could be seen 
that for Escherichia coli, the hydrophobized TiO2/Cu2O-treated wood placed on the bacteria−​inoculated surfaces 
kill all the bacteria under and around them, while it has no antibacterial activity for Staphylococcus aureus. It can 
be observed that the distinct zones of inhibition (clear areas with no bacterial growth) around the wood samples 
for Escherichia coli (Fig. 8d). For Escherichia coli, the width of the inhibition zone around the hydrophobized 
TiO2/Cu2O-treated wood is approximately 2.5 mm. The observed zone of inhibition is a result of the performance 
of the negative oxygen ions production of the hydrophobized TiO2/Cu2O film anchored on the wood surface into 
the surrounding aqueous medium, which further proves that the hydrophobized TiO2/Cu2O-treated wood could 
produce negative oxygen ions not only under UV light but also under the natural conditions. In other words, the 
presences of the inhibition zone clearly indicate that the mechanism of the biocidal action of the wood is owing 
to the effect of negative oxygen ions.

Discussion
The enhanced photocatalytic properties and excellent multifunctional performances of the hydrophobized TiO2/
Cu2O-treated wood were probably attributed to the following four points: (a) The anatase TiO2 particles settled 
onto the wood surfaces and formed a dense film, which offered large n-p heterojunction interface area when in 
combination with Cu2O film. The treatment at high temperature and the rough TiO2/Cu2O grains would signif-
icantly increase the water-repellent properties of the surfaces; (b) After modification with FAS-17, the amphi-
philic wood surface transformed into superamphiphobic one with the WCA of 158.6° and OCA of 154.3°; (c) 
The step-wise energy band structure facilitated the photogenerated electrons from the conduction band of Cu2O 
were captured by Ti4+ ions in TiO2 while promoted Ti4+ ions further to reduce to Ti3+ ions. The presence of Ti3+ 
ions led to a higher photocatalytic activity and even extended the photo-response from UV to the visible light. 
Moreover, the energy stored in the Ti3+, may promote a trapping of electrons leading to produce negative oxygen 
ions under the natural conditions.; (d) The introduction of Cu2O significantly improved the photocatalysis effi-
ciency of the TiO2-treated wood, so that the air including negative oxygen ions produced by the hydrophobized 
TiO2/Cu2O-treated wood after UV irradiation is up to the standard of the fresh air; (e) Compared with the pure 

Figure 8.  Antibacterial activity of (a) the TiO2-treated wood, (b) the Cu2O-treated wood and (c) the 
hydrophobized TiO2/Cu2O-treated wood in Staphylococcus aureus and Escherichia coli, respectively, and  
(d) the magnified picture of the hydrophobized Ag/TiO2–coated wood in Escherichia coli.



www.nature.com/scientificreports/

8Scientific Reports | 6:26055 | DOI: 10.1038/srep26055

TiO2-treated wood and the pure Cu2O-treated wood, the hydrophobized TiO2/Cu2O-treated wood possesses 
antibacterial activity for Escherichia coli, which may be due to the biocidal action of the negative oxygen ions.

In brief, the TiO2/Cu2O n-p heterostructure was successfully fabricated anchored on the wood surface, 
and after further modification with FAS-17 the wood surface transformed into superamphiphobic. The results 
demonstrated the doped Cu2O particles resulted in a higher photocatalytic activity, which the final produced 
negative oxygen ions after UV irradiation was up to the standard of the fresh air. Moreover, the presence of Ti3+ 
ions trapped the electrons leading to produce negative oxygen ions under the natural conditions, so that the 
hydrophobized TiO2/Cu2O-treated wood showed a good antibacterial activity for Escherichia coli. Moreover, the 
excellent superamphiphobicity, antibacterial activity and ability of negative oxygen ions production suggested 
that such heterostructured film anchored on wood surface is a potential candidate for advanced multifunctional 
materials, maybe for the extended field of medical or environment purification.

Methods
Materials.  All chemicals supplied by Shanghai Boyle Chemical Company, Limited were of analytical rea-
gent-grade quality and used without further purification. Deionized water was used throughout the study. Wood 
blocks of 20 mm (R) ×​ 20 mm (T) ×​ 30 mm (L) were obtained from the sapwood sections of poplar wood (Populus 
ussuriensis Kom), which is one of the most common tree species in the northeast of China. The wood specimens 
were oven-dried (24 h, 103 ±​ 2 °C) to constant weight after ultrasonically rinsing in deionized water for 30 min, 
and oven-dried weight were determined.

Preparation of anatase TiO2 film on the wood surface.  Ammonium fluorotitanate (0.4 M) and boric 
acid (1.2 M) were dissolved in distilled water at room temperature under vigorous magnetic stirring. Then, a 
solution of 0.3 M hydrochloric acid was added until the pH reached approximately 3. Then, 75 mL of the adjusted 
solution was transferred into a 100 mL Teflon container. Wood specimens were subsequently placed into the 
above reaction solution, separately. The autoclave was sealed and maintained at 90 °C for 5 h, then allowed to 
naturally cool to room temperature. Finally, the prepared samples were removed from the solution, ultrasonically 
rinsed with deionized water for 3 times, and dried at 45 °C for more than 24 h in vacuum. Thus, the TiO2-treated 
wood was obtained.

Coating the TiO2-treated wood surface with Cu2O particles.  Cu(CH3COO)2·H2O (0.1 M) was dis-
solved in deionized water, then D-glucose (0.1 M) and PVP (K-30, 0.3 g) were added under continued stirring. 
After 1 h, the above solution was transferred into a 50 mL Teflon-lined autoclave, and the TiO2-treated wood was 
immersed in the solution. The autoclave was kept in a vacuum oven at 180 °C for 2 h. After cooling to room tem-
perature in air, the wood loaded with Cu2O was removed, washed several times with deionized water and ethanol, 
and dried at 45 °C for more than 24 h in vacuum. Thus, the TiO2/Cu2O-treated wood was obtained.

Hydrophobization of wood surfaces with FAS-17.  A methyl alcohol solution of (heptadecafluoro- 
1,1,2,2-tetradecyl)trimethoxysilane CF3(CF2)7CH2CH2Si(OCH3)3, hereafter denoted as FAS-17) was hydrolyzed 
by the addition of a 3 fold-molar excess of water at room temperature. Then, 75 mL of the adjusted solution was 
transferred into a 100 mL Teflon container. The TiO2/Cu2O-treated wood samples were subsequently placed into 
the above reaction solution. The autoclave was sealed and maintained at 75 °C for 5 h, then allowed to naturally 
cool to room temperature. Subsequently, the samples were washed with ethyl alcohol to remove any residual 
chemicals and allowed to dry in air at room temperature, and they were then dried at 45 °C for more than 24 h in 
vacuum. Thus, a superamphiphobic wood surface was obtained.

Characterization.  The morphology of the wood surfaces was observed through field emission scanning 
electron microscopy (SEM, Quanta 200, FEI, Holland) operating at 12.5 kV. The transmission electron micros-
copy (TEM) experiment was performed on a Tecnai G20 electron microscope (FEI, USA) with an acceleration 
voltage of 200 kV. Carbon-coated copper grids were used as the sample holders. X-ray diffraction (XRD, Bruker 
D8 Advance, Germany) was employed to analyze the crystal structures of all samples applying graphite mono-
chromatic with Cu Kα​ radiation (λ​ =​ 1.5418 Å) in the 2θ​ range from 5° to 80°and a position-sensitive detector 
using a step size of 0.02° and a scan rate of 4° min−1. FTIR spectra were obtained on KBr tablets and recorded 
using a Magna-IR 560 spectrometer (Nicolet) with a resolution of 4 cm−1 by scanning the region between 4000 
and 400 cm−1. Water contact angles (WCAs) and oil (hexadecane) contact angles (hereafter defined as OCAs) 
were measured on an OCA40 contact angle system (Dataphysics, Germany) at room temperature. In each meas-
urement, a 5 μ​L droplet of deionized water was injected onto the surfaces of the wood samples and the contact 
angles were measured at five different points of each sample. The final values of the contact angles were obtained 
as an average of five measurements. Further evidence for the composition of the product was inferred from 
the X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250XI, USA), using an ESCALab MKII X-ray 
photoelectron spectrometer with Mg-Kα​ X-rays as the excitation source. The flat band potentials of the samples 
were evaluated with a standard electrochemical workstation (CHI660C) in the three-electrode configuration. The 
counter electrode was a Pt wire and the reference electrode was saturated calomel electrode (SCE). 1.0 M Na2SO4 
solution buffered at pH 4.9 was used as the electrolyte. In the electrochemical impedance spectroscopy (EIS) 
measurement, the fixed frequency of the M-S plots was 103 Hz.

Antibacterial tests.  Antimicrobial tests were conducted by the bacterial inhibition ring method (agar plate 
diffusion test/CEN/TC 248 WG 13) and the reduction of bacterial growth test (EN ISO 20743:2007 Transfer 
Method). The antibacterial activity of the hydrophobized TiO2/Cu2O-treated wood was evaluated against 
Escherichia coli (ATCC 25923) and Staphylococcus aureus (ATCC 25922). The evaluation of the test was as the 
followings. A mixture of nutrient broth and nutrient agar in 1 L distilled water at pH 7.2 as well as the empty 
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Petri plates were autoclaved. The agar medium was then cast into the Petri plates and cooled in laminar airflow. 
Approximately 105 colony-forming units of each bacterium were inoculated on plates, and then each wood sam-
ples was planted onto the agar plates. All the plates were incubated at 37 °C for 24 h, following which the zone of 
inhibition was measured.

Negative oxygen ions production tests under UV irradiation.  The experiments were performed in 
an obturator with the size of 500 mm (L) ×​ 300 mm (W) ×​ 300 mm (H). A UV light with a wavelength of 365 nm 
and light intensity of approximately 1.5 mW/cm2 installed in the open central region was used. Negative oxygen 
ions concentration (Da) in the obturator was determined by the AIC1000 air anion counter with the resolution 
ratio of 10 ions/cm3 at 5 min intervals. Initially, the air anion counter must be re-zeroed and keep the numerical 
value constant for 5 seconds before each test. Then, the UV light was turned on to irradiate the sample. Each set 
of negative oxygen ions production under UV irradiation lasted for 60 min.

References
1.	 Hawkins, L. & Barker, T. Air ions and human performance. Ergonomics 21, 273–278 (1978).
2.	 Hedge, A. & Collis, M. Do negative air ions affect human mood and performance? Ann. Occup. Hyg. 31, 285–290 (1987).
3.	 Sakoda, A. et al. A comparative study on the characteristics of radioactivities and negative air ions originating from the minerals in 

some radon hot springs. Appl. Radiat. Isotopes 65, 50–56 (2007).
4.	 Goldstein, N. I., Goldstein, R. N. & Merzlyak, M. N. Negative air ions as a source of superoxide. Int. J. Biometeorol. 36, 118–122 

(1992).
5.	 Nagato, K. et al. An analysis of the evolution of negative ions produced by a corona ionizer in air. Int. J. Mass Spectrom. 248, 142–147 

(2006).
6.	 Sirota, T. et al. The effect of negative air ions on the respiratory organs and blood. Biophysics 53, 457–462 (2008).
7.	 Tom, G. et al. The influence of negative air ions on human performance and mood. Hum. Factors 23, 633–636 (1981).
8.	 Krueger, A., Smith, R. & Go, G. The action of air ions on bacteria I. Protective and lethal effects on suspensions of staphylococci in 

droplets. J. Gen. Physiol. 41, 359–381 (1957).
9.	 Zeng, J. et al. TiO2 immobilized in cellulose matrix for photocatalytic degradation of phenol under weak UV light irradiation. J. 

Phys. Chem. C 114, 7806–7811 (2010).
10.	 Zhang, X. et al. Construction of self-supported three-dimensional TiO2 sheeted networks with enhanced photocatalytic activity. Sci. 

Rep. 3, 3563 (2013).
11.	 Hou, H. et al. Efficient Photocatalytic Activities of TiO2 Hollow Fibers with Mixed Phases and Mesoporous Walls. Sci. Rep. 5, 15228 

(2015).
12.	 Qiu, B. et al. Facile synthesis of the Ti3+ self-doped TiO2-graphene nanosheet composites with enhanced photocatalysis. Sci. Rep. 5, 

8591 (2015).
13.	 Cheng, C. et al. Enhanced photocatalytic performance of TiO2-ZnO hybrid nanostructures. Sci. Rep. 4, 4181 (2014).
14.	 Shao, X. et al. Enhanced photocatalytic activity of TiO2-C hybrid aerogels for methylene blue degradation. Sci. Rep. 3, 3018 (2013).
15.	 Wee, S. H. et al. Heteroepitaxial Cu2O thin film solar cell on metallic substrates. Sci. Rep. 5, 16272 (2015).
16.	 Kang, Z. et al. Electronic Structure Engineering of Cu2O Film/ZnO Nanorods Array All-Oxide p-n Heterostructure for Enhanced 

Photoelectrochemical Property and Self-powered Biosensing Application. Sci. Rep. 5, 7882 (2015).
17.	 Gao, L. et al. Durable superamphiphobic wood surfaces from Cu2O film modified with fluorinated alkyl silane. RSC Adv. 5, 

98203–98208 (2015).
18.	 Gao, L. et al. Enhancement of photo-catalytic degradation of formaldehyde through loading anatase TiO2 and silver nanoparticle 

films on wood substrates. RSC Adv. 5, 52985–52992 (2015).
19.	 Sun, Z. et al. Robust superhydrophobicity of hierarchical ZnO hollow microspheres fabricated by two-step self-assembly. Nano Res. 

6, 726–735 (2013).
20.	 Gao, L. et al. 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 (2015).
21.	 Li, J. et al. Preparation of highly photocatalytic active nano-size TiO2–Cu2O particle composites with a novel electrochemical 

method. Electrochem. Commun. 6, 940–943 (2004).
22.	 Gao, L. et al. pH-dependent structure and wettability of TiO2-based wood surface. Mater. Lett. 142, 217–220 (2015).
23.	 Gao, L. et al. Superhydrophobic conductive wood with oil repellency obtained by coating with silver nanoparticles modified by 

fluoroalkyl silane. Holzforschung. 70, 63–68 (2016).
24.	 Brassard, J.-D., Sarkar, D. & Perron, J. Fluorine based superhydrophobic coatings. Appl. Sci. 2, 453–464 (2012).
25.	 Zhu, H. et al. A new strategy for the surface-free-energy-distribution induced selective growth and controlled formation of 

Cu2O–Au hierarchical heterostructures with a series of morphological evolutions. J. Mater. Chem. A 1, 919–929 (2013).
26.	 Zhang, Z. & Wang, P. Highly stable copper oxide composite as an effective photocathode for water splitting via a facile 

electrochemical synthesis strategy. J. Mater. Chem. 22, 2456–2464 (2012).
27.	 Bakar, B. F. A., Hiziroglu, S. & Tahir, P. M. Properties of some thermally modified wood species. Mater. Design 43, 348–355 (2013).
28.	 Huang, X. et al. Structural analysis of heat-treated birch (Betule papyrifera) surface during artificial weathering. Appl. Surf. Sci. 264, 

117–127 (2013).
29.	 Kasemsiri, P., Hiziroglu, S. & Rimdusit, S. Characterization of heat treated Eastern redcedar (Juniperus virginiana L.). J. Mater. 

Process. Tech. 212, 1324–1330 (2012).
30.	 Su, C. et al. Fabrication of Ag/TiO2 nanoheterostructures with visible light photocatalytic function via a solvothermal approach. 

CrystEngComm 14, 3989–3999 (2012).
31.	 Zhang, Y. et al. In situ fenton reagent generated from TiO2/Cu2O composite film: a new way to utilize TiO2 under visible light 

irradiation. Environ. Sci. Technol. 41, 6264–6269 (2007).
32.	 Wang, S. et al. Facile one-pot synthesis of uniform TiO2–Ag hybrid hollow spheres with enhanced photocatalytic activity. Dalton T. 

42, 1122–1128 (2013).
33.	 Huang, Q. et al. Highly aligned Cu2O/CuO/TiO2 core/shell nanowire arrays as photocathodes for water photoelectrolysis. J. Mater. 

Chem. A 1, 2418–2425 (2013).
34.	 Xiong, L. et al. Visible-light energy storage by Ti3+ in TiO2/Cu2O bilayer film. Chem. Lett. 38, 1154–1155 (2009).
35.	 Yang, L. et al. High efficient photocatalytic degradation of p-nitrophenol on a unique Cu2O/TiO2 p-n heterojunction network 

catalyst. Environ. Sci. Technol. 44, 7641–7646 (2010).
36.	 Zhong, L., Xiao, D. & Wu, C. Aeroanion Researches in Evaluation of Forest Recreation Resources. Chinese Journal of Ecology 17, 

56–60 (1997).

Acknowledgements
This work was financially supported by the National Natural Science Foundation of China (grant no. 31470584).



www.nature.com/scientificreports/

1 0Scientific Reports | 6:26055 | DOI: 10.1038/srep26055

Author Contributions
J.L., T.Q. and X.Z. conceived the project, L.G. designed the experiments and wrote the paper, Z.Q., W.G. and S.X. 
performed the experiments. All authors reviewed the manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Gao, L. et al. Negative Oxygen Ions Production by Superamphiphobic and 
Antibacterial TiO2/Cu2O Composite Film Anchored on Wooden Substrates. Sci. Rep. 6, 26055; doi: 10.1038/
srep26055 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Negative Oxygen Ions Production by Superamphiphobic and Antibacterial TiO2/Cu2O Composite Film Anchored on Wooden Substrate ...
	Results

	Discussion

	Methods

	Materials. 
	Preparation of anatase TiO2 film on the wood surface. 
	Coating the TiO2-treated wood surface with Cu2O particles. 
	Hydrophobization of wood surfaces with FAS-17. 
	Characterization. 
	Antibacterial tests. 
	Negative oxygen ions production tests under UV irradiation. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ SEM images of the surfaces of (a) the original wood, (b) the TiO2-treated wood, and (c) the TiO2/Cu2O-treated wood.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a) XRD patterns of the original wood, the TiO2-treated wood, and the TiO2/Cu2O-treated wood.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ WCAs and OCAs of the original wood, the TiO2-treated wood, the TiO2/Cu2O-treated wood, and the hydrophobized TiO2/Cu2O-treated wood.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ (a) Survey scan and (b) Ti 2p XPS spectra of the TiO2-treated wood and the TiO2/Cu2O-treated wood, (c) peaking-fitting results of Ti 2p XPS spectra of the TiO2/Cu2O-treated wood after UV light irradiation, (d) Cu 2p XPS spectra of the TiO
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Mott-Schottky plots of (a) the pure TiO2-treated wood and (b) the TiO2/Cu2O-treated wood.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ (a) Illustration of the photocatalysis mechanism at the TiO2/Cu2O heterostructures, and (b) possible scheme for negative oxygen ions production on the TiO2/Cu2O-treated wood under UV irradiation.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ (a) Negative oxygen ions concentrations in the obturator when UV irradiated the samples surfaces.
	﻿Figure 8﻿﻿.﻿﻿ ﻿ Antibacterial activity of (a) the TiO2-treated wood, (b) the Cu2O-treated wood and (c) the hydrophobized TiO2/Cu2O-treated wood in Staphylococcus aureus and Escherichia coli, respectively, and (d) the magnified picture of the hydrophobize



 
    
       
          application/pdf
          
             
                Negative Oxygen Ions Production by Superamphiphobic and Antibacterial TiO2/Cu2O Composite Film Anchored on Wooden Substrates
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26055
            
         
          
             
                Likun Gao
                Zhe Qiu
                Wentao Gan
                Xianxu Zhan
                Jian Li
                Tiangang Qiang
            
         
          doi:10.1038/srep26055
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep26055
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep26055
            
         
      
       
          
          
          
             
                doi:10.1038/srep26055
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26055
            
         
          
          
      
       
       
          True
      
   




