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Abstract 
 

The wood is an ideal green building material because of its high strength-to-weight ratio, renewable nature, and excellent 
heat insulation/noise reduction/humidity control performances. However, rich nutrients make wood materials easy to 
microbial erosion, which limits application in the construction field. Herein, a novel anti-mildew technology is reported, which 
fills titanium oxide (Ti0.87O2) nanosheet into the open pores of wood materials spontaneously. Based on the high light 
transmittance of Ti0.87O2 nanosheet, the as-prepared composite wood retains the original texture and color of wood. There 
are multiple coordination bonds between the hydroxyl of cellulose/lignin and Ti4+ of titanium oxide, which enhances the 
stability of the interface between the wood material and Ti0.87O2 nanosheet. The Ti0.87O2 filling medium cuts off the 
transmission path of oxygen, water, nutrients and microorganisms, making the composite wood have good mildew resistance. 
Therefore, the modification technology makes wood have great application potential in the field of structure and decoration. 
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1. Introduction 

As a renewable bio-based resource, wood materials have been 

attracting more and more interests.[1-5] However, biological 

pathogens such as fungi, bacteria and mildew are susceptible 

to infect wood materials, resulting in the failure of wood 

color[6-9] and mechanical properties.[10-12] Mildew such as 

Trichoderma species have been reported to produce an 

enzyme that hydrolyzes cellulose into glucose.[13] Prolonged 

exposure to mildewy wood can cause allergies, respiratory 

inflammation and mucosal disease.[14-16] Various anti-mildew 

agents have been developed, such as chromated copper 

arsenate (CCA), ammoniacal copper quat (ACQ) and 

chitosan-copper complex (CCC).[17-23] These traditional wood 

preservatives have been limited in commercial application due 

to strong toxicity, easy diffusion, and difficult degradation. 

It is of great importance to develop environment-friendly 

high-performance wood preservatives. Wood preservatives 

represented by nano bactericides have the advantages of 

photocatalysis and anti-bacterial properties.[24,25] For example, 

pine wood samples impregnated with 1–5 wt% zinc oxide 

(ZnO) nanorods[26] showed decay resistance against the growth 

of white-rot fungus. Among nano-scale anti-mildew agents, 

titanium dioxide (TiO2) has been accepted as one of the most 

effective anti-microbial agents,[27,28] decomposing 

microorganisms into carbon dioxide and water by means of 

photocatalysis.[29,30] Anti-fungal activity against the growth of 

white rot fungus (Ganoderma applanatum, Hypocrealixii) and 

brown rot fungi (Mucor circineloides) has been confirmed in 

various woods treated with TiO2.[31,32] However, it is difficult 

for TiO2 nanoparticles to penetrate into the pores of wood due 

to the lack of a dispersion mechanism. In addition, white TiO2 

nanocoating masks the natural texture and color of wood 

material. 
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Layered materials such as graphite, oxides, metallic alloys, 

layered double hydroxides have been attracting much attention, 

which exhibit interesting properties owing to their two-

dimensional (2D) nature.[33-38] In searching for an alternative to 

TiO2 nanoparticles, we have focused on Ti0.87O2 nanosheet. 

Compared with other titania-based materials, the Ti0.87O2 

nanosheet have some unique features.[39,40] The unilamellar 

Ti0.87O2 nanosheet are transparent, so that the treated wood 

would retain its natural color. Ti0.87O2 nanosheet is long-term 

stable in the suspension due to the existence of Ti vacancies 

and negatively charged properties. Due to the two-

dimensional structure, Ti0.87O2 nanosheet has strong 

photocatalytic property in the UV range and provides more 

reacting points.  

Herein, we employed a straightforward impregnation 

method to spontaneously infiltrate hyper-dispersed Ti0.87O2 

nanosheet into the micropores of wood material, resulting in 

the as-prepared composite wood resistant to microbial 

corrosion. The coordination between the hydroxyl group of 

cellulose/lignin and Ti4+ of the Ti0.87O2 nanosheet significantly 

enhanced the interface contact between wood and titanium 

oxide. With the high dispersion of Ti0.87O2 nanosheet and the 

coordination with hydroxyl, titanium oxide nanomaterial is 

filled in the open pores of wood. The filling medium blocks 

the material exchange between the environment and wood 

material, and greatly enhances the mildew resistance of the 

wood. At the same time, the high light transmittance of 

Ti0.87O2 nanosheet keeps the original texture and color of the 

composite wood. Long-lasted mildew resistance makes wood 

composite as a building material have great potential in the 

future. 

 

2. Experimental section 

2.1. Material  

All the experimental chemicals were of analytical grade and 

used without further purification. Hydrochloric acid (HCl, 

37%) and tetrabutylammonium hydroxide (TBAOH, 40 wt% 

solution in methanol) were purchased from Sinopharm 

Chemical Reagent Co., Ltd. Potassium chloride (KCl, 99.5%), 

TiO2 (99.5%) and Potassium carbonate (K2CO3, 99.5%) were 

purchased from Aladdin. Lithium carbonate (Li2CO3, 99.5%) 

was purchased from Shanghai Macklin Biochemical Co., Ltd. 

Wood blocks were obtained from Pinus Sylvestris (PS). All 

specimens were free of mildew, blue stains, and knots. The 

wood specimens for the anti-mildew activity test were 

processed into a shape of 6 mm × 6 mm × 6 mm. 

 

2.2. Preparation 

2.2.1 Synthesis of Ti0.87O2 

Li2CO3, TiO2 and K2CO3 were mixed with a molar ratio of 

0.14:1.73:0.4 and then pre-calcined at 900 °C for 1 h,[41,42] as 

shown in Fig. 1. The mixture was subsequently ground and 

further calcinated 900 °C for 20 h. Layered titanate 

K0.8Ti1.73Li0.27O4 was produced and delaminated into 

molecular single sheets. Specifically, 4 g of the layered bulk 

precursor K0.8Ti1.73Li0.27O4 was steeped in 0.5 m L-1 HCl 

solution and stirred at ambient temperature for 7 days to 

perform acid exchange. The product was recovered by 

 
Fig. 1 Schematic illustration for the synthesis of the PS/Ti0.87O2 composite wood. Note: The proposed intercalation mechanism[39-42]. 

(a) The acid-base reaction starts with diffusion of OH- from tetra-n-butylammo-nium hydroxide into H1.07Ti1.73O4·H2O, followed by 

their reaction with protons; (b) The layered structure of HTO loses its stability because of the acid-base reaction; (c) Isolated 

nanosheet is thus obtained. 
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filtration, washed to neutral, and dried at room temperature. 

Subsequently, 1 g of the obtained protonated layered 

compound H1.07Ti1.73O4·H2O (HTO) was added to 250 mL of 

TBAOH solution. Finally, the mixture was mechanically 

shaken by oscillator at a rotational speed of 150 r min-1 

Ti0.87O2 nanosheet were obtained. 

 

2.2.2 Preparation of Ti0.87O2 coatings 

The wood pieces were first cleaned with deionized water and 

dried at 160 °C in a vacuum. The as-prepared wood pieces 

were immersed in dimethyl formamide dispersion containing 

Ti0.87O2 nanosheet for 36 h. Pinus Sylvestris composite after 

dimethyl form amide evaporation is named as PS/Ti0.87O2. 

 

2.3 Characterizations 

SEM (JEOL, JEM-2100F) was used to investigate the 

morphology of Ti0.87O2 nanosheet. The distributions and 

interface characteristics of Ti0.87O2 nanosheet in wood were 

observed by SEM coupled to an EDS. The chemical changes 

of the treated wood spices were characterized by FTIR 

spectroscopy (Thermo Scientific Nicolet iS5with KBr pellet). 

WCAs at ambient temperature were measured on a contact 

angle system (Chengde Youte Testing Instrument 

Manufacturing Co., Ltd.). Aspergillus niger was used in the 

anti-mildew activity study. Strains were cultured in potato 

dextrose broth at 27 °C till visible mycelia were observed. 

Potato dextrose agar (PDA) plates were prepared and 

inoculated with 7-day-old culture from the tested mildews. 

The Ti0.87O2 nanosheet treated wood samples were placed in 

the center of the plates and incubated at 27 °C for 5 days, after 

which time the clear inhibition zones formed around the 

treated wood was measured by a ruler. 

 

3. Results and discussion 

Ti0.87O2 nanosheet was synthesized by coupling high 

temperature calcination, proton substitution and chemical 

exfoliation techniques in Fig. 1. As shown in Fig. 2a, the as-

prepared Ti0.87O2 sample with the size of 5–25 μm displays a 

classical two-dimensional nanostructure. The as-prepared 

Ti0.87O2, commercial TiO2 and ZnO (~10 nm) powders were 

separately transferred into three small glass bottles 

respectively, and then were dispersed in dimethyl formamide 

(DMF) to form a relatively stable turbid suspension using 

ultra-sonication for 20 min. After being placed for 5 min, the 

TiO2 and ZnO nanomaterials fully precipitated to the bottom 

of the glass bottle. However, the Ti0.87O2 nano-material still 

formed stable turbid suspension in Fig. 2c. The result reveals 

the self-dispersion of the as-prepared Ti0.87O2 nano-material.  

 

Fig. 2 Morphology of the as-prepared Ti0.87O2 nanomaterial. (a) SEM images; (b) Ti0.87O2 suspension (100 mg ml-1) after being placed 

for 20 min; (c) Digital photo of the natural wood; (d) Digital photo of the PS/Ti0.87O2 composite. 
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Fig. 3 Micromorphology of the PS/Ti0.87O2 composite wood. (a) Natural wood; (b) PS/Ti0.87O2; (c) EDS data of the PS/Ti0.87O2. 

 

Different from the traditional coating technology, the 

penetration method has at least two advantages: (1) Under the 

same loading rate of titanium oxide, the color and texture of 

the composite wood prepared by the penetration method are 

closer to the natural wood; (2) The infiltration method 

increases the contact area/force between titanium oxide and 

wood, and significantly improves the interface stability. 

The PS/Ti0.87O2 composite wood was prepared using a 

straightforward impregnation method in Fig. 1. Based on the 

high light transmittance of Ti0.87O2 nano-material (Fig. 2b), 

the PS/Ti0.87O2 composite wood shows the color and texture 

similar to the natural PS wood in Fig. 2d. Compared with 

natural PS wood, a large number of Ti0.87O2 nanosheets were 

observed in the conduits and cavities of the PS/Ti0.87O2 

composite wood (Fig. 3b). EDS results further confirmed that 

the nanosheet spontaneously infiltrated into PS wood matrix 

in Fig. 3c. 

To understand the combination rule between Ti0.87O2 

nanosheet and wood, FT-IR spectra were carried out in Fig. 

S1. A new characteristic absorption peak was observed at the 

wave number of 669 cm-1 for the PS/Ti0.87O2 composite wood, 

which belongs to Ti-O-Ti bond.[43] The vibration absorption 

peaks of the cellulose/lignin hydroxyl (-OH, 3412 cm-1), 

carbonyl (C=O, 1033 cm-1) and phenolic hydroxyl (-OH, 1226 

cm-1) was weakened for the PS/Ti0.87O2 composite wood, 

indicating that there were coordination between hydroxyl, 

carbonyl and Ti4+. Therefore, the Ti0.87O2 nanosheet can 

spontaneously diffuse and deposit into the open pores of the 

wood material. On the other hand, Ti0.87O2 nanosheet 

increased the roughness of wood at the micro-scale. The 

contact angle the PS/Ti0.87O2 composite wood increased from 

39.1° of the natural PS wood to 65.6° in Fig. S2. 

Figure 4 shows the mildew resistance of the PS wood 

loaded with the Ti0.87O2 nanosheet to typical Aspergillus niger. 

It is well known that natural PS wood has no antibacterial 
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properties. However, we observed a bacteriostatic ring with a 

diameter of about 37 mm on the surface of composite wood, 

even if it was not exposed to ultraviolet or visible light. 

Mildew growth is an extremely complex process, which 

depends on appropriate temperature, humidity, oxygen, pH, 

nutrients and mineral elements. It is reasonable to speculate 

that the Ti0.87O2 nano-material filled in the open pores can cut 

off the water source and prevent the spread of mildew to the 

wood matrix. Therefore, the well-designed PS/Ti0.87O2 

composite wood shows excellent mildew resistance even 

without relying on the photocatalytic effect. 

 

Fig. 4 Bacteriostatic ring of the PS/Ti0.87O2 composite wood. 

Note: Aspergillus niger was used as a target and cultured at 

27 °C for 5 days. 

 

4. Conclusions 

As a classical building material, wood is easily corroded by 

microorganisms in humid environment, resulting in the failure 

of its color and mechanical properties. We have carefully 

designed an anti-mildew technology by introducing an 

entropy-driven Ti0.87O2 nanosheet to the open pores of the 

wood. As-prepared Ti0.87O2 nanosheet is firmly fixed in the 

micro/nano-scale pores of the wood material, due to cross-

linking between the electron withdrawing groups (hydroxyl, 

phenolic hydroxyl and carbonyl) of cellulose/lignin and Ti4+ 

of the Ti0.87O2 filling medium. This unique combination mode 

cuts off the mass transfer channel of water, oxygen and 

microorganism in the air to the wood material. Therefore, the 

PS/Ti0.87O2 composite wood has high efficiency and long-term 

mildew resistance, even if it does not rely on photocatalytic 

activity. The straightforward protection method is also 

applicable to porous materials such as bamboo and coral. 
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