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Layer-by-layer Deposition of TiO2 Nanoparticles in the
Wood Surface and its Superhydrophobic Performance
Xi Lu and Yingcheng Hu *
A hydrophilic wood surface was transformed to become superhydrophobic
by layer-by-layer (LbL) assembly of polyelectrolyte/titanium dioxide (TiO2)
nanoparticles multilayers and subsequent hydrophobic modification with
1H, 1H, 2H, 2H-perfluoroalkyltriethoxysilane (POTS). The chemical
composition of the wood samples before and after treatment was
characterized by energy dispersive X-ray analysis (EDXA), Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
thermogravimetric analysis (TGA). These analyses showed that a highsurface-roughness film of TiO2 nanoparticles deposited by LbL became
combined on the wood surface with a low-surface-energy thin layer of
POTS. The microstructure and the hydrophobicity of the wood samples
were analyzed by scanning electron microscope (SEM) and contact angle
measurements, respectively. The morphology and the values of water
contact angle (WCA) demonstrated that the reaction pH and number of
self-assembled layers were the main factors affecting hydrophobic wood
samples. After assembly with 5 or more multilayers, the wood surface
exhibited excellent superhydrophobicity with the highest WCA of 161°.
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INTRODUCTION
As a natural composite, wood is mainly composed of cellulose, hemicellulose, and
lignin; the cellulose and hemicellulose molecules have many hydrophilic hydroxyl (-OH)
groups (Wang et al. 2011a). Wood is very sensitive to moisture, and in many applications
its instability in changing moisture conditions is a major disadvantage compared with other
materials. Wood properties can be improved considerably by converting hydrophilic -OH
groups into more hydrophobic groups. With new methods for synthesizing and preparing
nanomaterials, superhydrophobic materials are of great interest because of their unique
wettability and development potential. A superhydrophobic surface is defined as one that
has a water contact angle (WCA) greater than 150° when water droplets are placed on the
surface. One of the most well-known examples of superhydrophobic surfaces in nature is
the lotus leaf (Wang et al. 2012; Dai et al. 2013). A superhydrophobic surface can be
prepared by a combination of a high-surface-roughness film and a low-surface-energy thin
layer (Wang et al. 2011b; Wan et al. 2014; Zheng et al. 2015). Gao reported a two-step
method for the preparation of a superhydrophobic film on wood surface which consists of
fabricating a TiO2 film through a low-temperature hydrothermal method and subsequent
modification by (heptadecafluoro-1,1,2,2-tetradecyl) trimethoxysilane (Gao et al. 2015a).
However, using a layer-by-layer (LbL) assembly technique to fabricate superhydrophobic
wood has not yet been reported.
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The electrostatic LbL assembly technique is appealing because it is simple, general,
and does not require complex or expensive instruments (Decher 1997). Film formation is
controlled by adjusting the conditions of adsorption (Zhang et al. 2004). In LbL assembly,
polycations and polyanions are alternately deposited to form a multilayer film on solid
surfaces through electrostatic interactions (Elosua et al. 2013). A variety of functional
substances including polyelectrolytes (Sundman and Laine 2013), inorganic nanoparticles
(Li et al. 2013), chitosan (Fang et al. 2015), and enzyme (Xing et al. 2007) have been
employed to fabricate LbL multilayer films. Polyelectrolyte/polyelectrolyte or
polyelectrolyte/nanoparticles multilayers created by LbL assembly can also be deposited
on wood (Lin et al. 2008; Renneckar and Zhou 2009). The modified fibers have improved
physical properties and special functionalities such as high scalability (Marais et al. 2014),
high porosity (Lu et al. 2007), electroconductibility (Agarwal et al. 2009), magnetism
(Cranston and Gray 2006), flame resistance (Laufer et al. 2012), superhydrophobicity,
(Zhang et al. 2012a) etc. (Zhou et al. 2010; Zamarreño et al. 2011).
This study used the LbL assembly technique to control the deposition of TiO2
nanoparticles on wood. The reaction pH values were varied, and self-assembled layers that
contained a chemisorbed monolayer of 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane
(POTS) reagent combined to make a superhydrophobic surface. The prepared hydrophobic
wood surfaces were characterized via energy dispersive X-ray analysis (EDXA), Fourier
transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), thermogravimetric
analysis (TGA), and scanning electron microscopy (SEM). The hydrophobicity of the
treated samples was measured by contact angle (CA) measurements. This article provides
a new approach to preparing superhydrophobic wood, which has far-reaching
consequences.

Fig. 1. Molecular structure of 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane

EXPERIMENTAL
Materials
Poplar wood (Populus tomentosa) was cut into 20 mm (tangential) × 20 mm (radial)
× 20 mm (longitudinal) pieces that were ultrasonically rinsed in acetone for 30 min and
dried in vacuum at 80 °C for 24 h. Linear sodium poly(styrenesulfonate) (PSS, MW of
70000) and branched pol (ethylenimine) (PEI, MW of 25000) were obtained from Sigma
Aldrich (Shanghai, China). The TiO2 nanoparticles (anatase) with a diameter range of 20
to 80 nm and 1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane (POTS; 97%; Fig. 1) were
purchased from Aladdin Industrial Corporation (Shanghai, China). Ultrapure water was
produced in-house. All chemicals were used as received without further purification.
Lu and Hu (2016). “Layer-by-layer deposition,” BioResources 11(2), 4605-4620.

4606

bioresources.com

PEER-REVIEWED ARTICLE

Methods
Preparation of TiO2 nanoparticles on the wood surface by the LbL assembly technique
The preparation conditions are shown in Table 1. The wood samples were
immersed separately into solutions of PEI (10 mg/mL) and PSS (1 mg/mL) to form a
PEI/PSS bilayer on the wood surface, after which nanoparticle-containing (PSS/TiO2)n (n
= 1, 3, 5, 7, 9) multilayers were assembled by alternately immersing the wood samples into
PSS solution and a solution containing TiO2 nanoparticles (4 mg/mL). These three
solutions were adjusted to different pH values. For each layer, the sample was immersed
separately in 100 mL of stirred polyelectrolyte/TiO2 nanoparticle solutions for 40 min and
washed three times with ultrapure water for 20 min between each deposited layer. By
repeating these steps, a thin film of PEI(PSS/TiO2)n multilayers was fabricated on the wood
surface. The coating was terminated with TiO2 nanoparticles on the outermost layer.
Table 1. Synthetic Conditions for Growing TiO2 on Wood Surfaces
Samples

pH(PEI)

pH(PSS)

pH(TiO2)

S1
10.5
6
6
S2
10.5
6
6
S3
10.5
6
6
S4
10.5
6
6
S5
10.5
6
6
S6
10
6
8
S7
10
6
6
S8
10
8
8
S9
10
8
6
S10
6
8
8
S11
6
8
6
S12
6
6
8
S13
6
6
6
SD: Standard Deviation; CV: Coefficient of Variation

n
1
3
5
7
9
5
5
5
5
5
5
5
5

Mean (°)
133
142
153
156
161
148
152
141
145
121
128
131
135

WCA
SD
2.7
1.8
1.1
1.2
2.0
1.0
1.0
1.2
1.1
1.1
1.4
1.6
1.5

CV (%)
2.0
1.3
0.7
0.8
1.2
0.7
0.6
0.9
0.7
0.9
1.0
1.2
1.1

Modification of TiO2-coated wood by POTS
The TiO2-coated wood samples were modified by POTS using vapor-phase
deposition. Briefly, the TiO2-coated wood samples were immersed in a small sealed
container with 2.0 wt% POTS reagent in methyl alcohol solution at 90 °C for 12 h so that
the POTS molecules would completely react with the surface -OH groups of TiO2. Finally,
POTS-modified wood samples were rinsed with ethyl alcohol to remove residual chemicals
and dried in the oven at 60 °C for 24 h under nitrogen (N2) flow.
Characterization
The chemical composition of the wood samples before and after treatment was
characterized by EDXA (GENESIS 2000 XMS, EDAX, Mahwah, NJ, USA). FTIR spectra
were collected with a Nicolet Magna-IR 560 spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) with a resolution of 4 cm-1, scanning range of 4000 to 500 cm-1, and
32 scans. The crystallization patterns were analyzed by D/MAX 220 X-ray diffractometer
(Rigaku Corporation, Tokyo, Japan) with Ni-filtered Cu Kα radiation (λ = 1.5418 Å) at a
scan rate of 4° min-1 and a scanning angle (2θ) ranging from 5° to 70°. The measurement
conditions included an accelerating voltage of 40 kV, applied current of 30 mA, and
progressive scanning step width of 0.02°. TGA was conducted on a simultaneous thermal
analyzer (STA6000TGA, PerkinElmer, Waltham, MA, USA) from 25 to 700 °C at a
Lu and Hu (2016). “Layer-by-layer deposition,” BioResources 11(2), 4605-4620.
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heating rate of 10 °C/min under a N2 atmosphere. The samples were cut from wood wafers
to the size of 5 × 5 × 5 mm3, and the surface morphology was analyzed with SEM
(Quanta200, FEI, Hillsboro, OR, USA) at an acceleration voltage of 12.5 kV. WCA was
measured using an OCA20 CA analyzer (Data Physics, Filderstadt, Germany) at room
temperature with a 5 µL droplet of deionized water and a dose rate of 0.5 µL s−1. For each
WCA measurement, five different locations were randomly selected on the radial section,
and the average value was recorded. The environmental stability was evaluated by
immersing in ultrapure water and testing WCAs change over time. The environmental
durability was performed by placing the samples in the interior and a WCA test every five
days.

RESULTS AND DISCUSSION
EDXA Spectrum
The EDXA spectrum of the wood samples before and after the LbL assembly
process is shown in Fig. 2. The main wood components were carbon and oxygen. EDXA
cannot detect hydrogen, and the gold element was derived from sputtering the wood surface
prior to SEM. In the self-assembled wood specimens, a strong absorption peak at
approximately 4.6 keV was the Ti atom absorption peak, indicating the presence of TiO2
nanoparticles on the wood surface. The amount of TiO2 nanoparticles deposited on the
wood surface increased from 6.77% to 14.79% when PEI(PSS/TiO2)n multilayers were
increased from 1 to 9 (S1 to S5).
FTIR Spectra
Figure 3 shows the FTIR spectra of an untreated specimen (a), specimens
assembled with PEI(PSS/TiO2)n multilayers (b through d), and TiO2 nanoparticles (e). With
the addition of 1 layer, the stretching vibrations absorption peak of the -OH groups at the
absorption band of 3389 cm-1 became less evident. This result suggests that the decrease
of the -OH stretching signal in IR could be due to the formation of layers. Because IR
signals are depth-dependent, it means that as the LbL procedure is continued, the signals
corresponding to the cellulose eventually fade due to the penetration depth of the IR
radiation. The strong absorption band at 578 cm-1 in the FTIR spectra of the self-assembled
wood specimens was related to the Ti-O-Ti stretch vibration peak (Colomer and Velasco
2007), indicating that TiO2 nanoparticles were successfully deposited on the wood surface.
The absorption peak at 1113 cm-1 was attributed to the Si-O-Ti symmetric stretching
vibration (Chandrasekhar et al. 1980) originating from the Si-OH groups of POTS
molecules attached to surface -OH groups of TiO2 nanoparticles (Razmjou et al. 2012).
The absorption bands located from 1300 to 1000 cm-1 were due to the -CF3, -CF2, and SiC absorption peaks of POTS molecules (Wang et al. 2011c), which overlapped the strong
absorption peak of Si-O-Ti symmetric stretching vibration. Eventually, it was
demonstrated that the modified POTS molecules were combined with the assembled TiO2
nanoparticles on the wood surface, which lowered the surface energy of TiO2 nanoparticle
coatings. These generated groups demonstrated that superhydrophobic wood had
been successfully prepared by LbL assembly via the mechanism shown in Fig. 4.

Lu and Hu (2016). “Layer-by-layer deposition,” BioResources 11(2), 4605-4620.
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Fig. 2. The EDXA spectra of control specimen (S0) and specimens assembled with
PEI(PSS/TiO2)n multilayers: (S1) n = 1, (S2) n = 3, (S3) n = 5, (S4) n = 7, and (S5) n = 9

Lu and Hu (2016). “Layer-by-layer deposition,” BioResources 11(2), 4605-4620.
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Fig. 3. FTIR spectra of (a) untreated specimen and specimens assembled with PEI(PSS/TiO2)n
multilayers: (b) n = 1, (c) n = 3, (d) n = 5, and (e) nano-TiO2

Fig. 4. The mechanism of superhydrophobic wood formation

XRD Pattern
The crystalline phase of TiO2 nanoparticles deposited on the wood surface was
determined by XRD (Fig. 5). The diffraction peaks at 14.7° and 22.6° corresponded to the
(101) and (002) planes, respectively, of the characteristic diffraction peaks of cellulose in
the wood (Andersson et al. 2003). Similarly, the TiO2 nanoparticles treated wood samples
also exhibited obvious cellulose characteristic peaks. The crystallization peaks at 25.5°,
37.7°, 48.2°, 54.4°, and 63.0°, respectively, corresponded to the (101), (004), (200), (105),
and (204) crystal planes of anatase TiO2 (JCPDS card no. 21-1272) (Sun et al. 2011; Gao
et al. 2015b). The new crystallization peaks appearing in the spectrum of the treated wood
samples indicated that anatase TiO2 nanoparticles were deposited on the wood.

Lu and Hu (2016). “Layer-by-layer deposition,” BioResources 11(2), 4605-4620.
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Fig. 5. XRD patterns of: (a) control specimen, (b) treated wood and (c) nano-TiO2

TG Analysis
Figure 6 shows the TG and DTG curves of untreated wood, wood treated with TiO2
only, and wood treated with TiO2 and POTS. Both untreated and treated wood samples
showed similar pyrolysis behaviors before 150 °C, which included the evaporation of
residual water, physical adsorption moisture, and possible crystal water (Herrera et al.
2014). In the TG curve of untreated wood, thermal degradation occurred in three stages. At
stage one (193 to 258 °C), water vapor in the wood powder was almost non-existent. The
weight loss of about 6.1% with the TG curve closed to a straight line, which was related to
the hemicellulose decomposition (Li et al. 2014).
Stage two (258 to 391 °C) was the main stage of wood pyrolysis. Small gas
molecules and volatile components were produced from larger molecules, mainly due to
cellulose degradation accompanied with continuous degradation of lignin, and the weight
loss reached 79.3% (Essabir et al. 2013). The first shoulder peak and the second strong and
sharp endothermic peak at 296 °C and 379 °C, respectively, were attributed to the thermal
depolymerisation of hemicellulose and cellulose decomposition (Gao et al. 2015a).
The third stage (391 to 800 °C) was the burning carbonization stage. Because the
pyrolysis reactions tended to be moderate and wood quality had no significant change to
maintain a stable state, the TG curve became a flat straight line again. This stage was
associated with the degradation of lignin, tar, and charcoal; the final weight was 9.1% of
the original (Yang et al. 2007).
The DTG curves of the wood sample with only TiO2 and the wood sample treated
with TiO2 nanoparticles and POTS showed strong decomposition peaks at 365 °C; the
maximum degradation rates were far lower than the untreated wood sample, which may be
because TiO2 nanoparticles formed a protective layer around the wood (Strohm et al. 2003).
When the specimens were heated to 800 °C at a rate of 10 °C/min, only 9.1% of the original
weight remained for the untreated wood sample, 12.8% for the wood sample with TiO2
nanoparticles, and 21.2% for the wood treated with TiO2 nanoparticles and POTS. These
results confirmed the incorporation of TiO2 nanoparticles and POTS onto the wood surface.

Lu and Hu (2016). “Layer-by-layer deposition,” BioResources 11(2), 4605-4620.
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Fig. 6. TG and DTG curves of untreated specimen (a) and specimens assembled with
PEI(PSS/TiO2)5 multilayers (b) before and (c) after modification with POTS

SEM and CA Measurements
The above analysis showed that TiO2 nanoparticles were successfully deposited on
the wood surface and that modified POTS molecules combined with the TiO2 coating. To
study the effects of experimental factors on wood hydrophobicity, the preparation
conditions are shown in Table 1. The reaction pH values and self-assembled layers affected
the generation of TiO2 nanoparticles during the LbL assembly process, which was essential
for developing the performance of the new products. If the deposit amount is too small, it
cannot effectively reflect the nanometer effect of nano-inorganic materials. With more
deposits, the interactions between nanomaterials also affects their properties.
The influence of PEI(PSS/TiO2)n multilayers was studied by SEM of untreated
wood at low magnification and treated samples at high magnification (Fig. 7). The
micrographs show that wood is a heterogeneous and porous material (sample S0). TiO2
nanoparticles were present in a random distribution on the wood surface (samples S1
through S5).
The pits were surrounded and partially filled by TiO2 nanoparticles, suggesting that
LbL assembly with TiO2 nanoparticles did not change the microscopic and macroscopic
features of wood. The growth of TiO2 nanoparticles increased with increasing
PEI(PSS/TiO2)n multilayers when other experimental parameters were unchanged.
Surface wettability was evaluated by CA measurements (Fig. 7). The addition of
more self-assembled layers resulted in a larger WCA. Keeping PEI with a pH of 10.5, PSS
and TiO2 nanoparticles with a pH of 6, WCA increased with the increase of the
PEI(PSS/TiO2)n multilayers. The WCAs of S1, S2, S3, S4, and S5 with the corresponding
PEI(PSS/TiO2)n multilayers were 133°, 142°, 153°, 156°, and 161°, respectively.
Compared with 31° in the untreated wood (S0), the hydrophobicity was greatly improved.
The amount of TiO2 nanoparticles deposited on the wood surface increased with increasing
PEI(PSS/TiO2)n multilayers, as shown in the EDXA and FTIR spectra (Figs. 2 and 3).
Hence, a growing number of POTS molecules combined with TiO2 nanoparticles on the
wood surface, which resulted in increased WCA. When the PEI(PSS/TiO2)n multilayers
reached 5, 7, and 9, the treated wood surface transformed from hydrophilic to
superhydrophobic, and the highest WCA reached 161°.

Lu and Hu (2016). “Layer-by-layer deposition,” BioResources 11(2), 4605-4620.
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Fig. 7. SEM images of control specimen (S0) and specimens assembled with PEI(PSS/TiO2)n
multilayers. S1: n = 1; S2: n = 3; S3: n = 5; S4: n = 7; and S5: n = 9

Lu and Hu (2016). “Layer-by-layer deposition,” BioResources 11(2), 4605-4620.
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Fig. 8. SEM images of specimens assembled with the PEI(PSS/TiO2)5 multilayers at different pH
values. S6: pH(PEI) = 10, pH(PSS) = 6, pH(TiO2) = 8; S7: pH(PEI) = 10, pH(PSS) = 6, pH(TiO2) =
6; S8: pH(PEI) = 10, pH(PSS) = 8, pH(TiO2) = 8; S9: pH(PEI) = 10, pH(PSS) = 8, pH(TiO2) = 6;
S10: pH(PEI) = 6, pH(PSS) = 8, pH(TiO2) = 8; S11: pH(PEI) = 6, pH(PSS) = 8, pH(TiO2) = 6; S12:
pH(PEI) = 6, pH(PSS) = 6, pH(TiO2) = 8; and S13: pH(PEI) = 6, pH(PSS) = 6, pH(TiO2) = 6
Lu and Hu (2016). “Layer-by-layer deposition,” BioResources 11(2), 4605-4620.
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Wood has an anionic characteristic and, thus, can be influenced somewhat by pH.
Renneckar and Zhou (2009) reported that in the absence of electrolytes, alkaline pH
maximized polymer adsorption for both types of polycations. Thus, the effect of pH on
hydrophobicity was examined. The approach of Shiratori and Rubner (2000) has been to
use weak polyelectrolytes such as poly(acrylic acid) (PAA) and poly(allylamine
hydrochloride) (PAH) whereby control over the layer thickness and molecular organization
of an adsorbed polymer chain can be achieved by simple adjustments of the pH of the
dipping solutions. In this case, pH controls the linear charge density of an adsorbing
polymer as well as the charge density of the previously adsorbed polymer layer. Zhang
(2012b) investigated that in acid conditions (pH＜6), TiO2 carried a positive charge, while
in a basic condition (pH from 7 to 11.5), TiO2 carried a negative charge. Figure 8 shows
SEM images of the treated specimens at the same magnification. The amount of TiO2
nanoparticles deposited on the wood surface was different in reactions of different pH.
When PEI was in alkaline conditions, e.g., sample S7, more TiO2 nanoparticles were
deposited on the wood surface.
Figure 8 also shows the WCAs of the treated wood samples. The treated wood
samples with PEI fixed at pH 10 showed greater hydrophobicity than the samples with PEI
fixed at pH 6. When the pH of PSS and TiO2 was changed from 6 to 8, the WCAs of S6,
S7, S8, and S9 with PEI at pH 10 were 148°, 152°, 141°, and 145°, respectively. WCA
decreased with PEI at pH 6, which also indirectly showed that alkaline pH maximized
polymer adsorption and that more TiO2 nanoparticles were deposited on the wood surface.
With PEI fixed at pH 6, the pH values of PSS and TiO2 changed from 6 to 8, and the
corresponding WCAs of the S10, S11, S12, and S13 treated wood samples were 121°, 128°,
131°, and 135°, respectively. The treated wood samples transformed from hydrophilic to
hydrophobic when PEI was in alkaline conditions but PSS and TiO2 were in acidic
conditions. Superhydrophobic wood was achieved when PEI at pH 10 and PSS and TiO2
at pH 6.

Fig. 9. The picture of specimens assembled with PEI(PSS/TiO2)1 multilayers (a) before and (b)
after modification with POTS contacting with water

Lu and Hu (2016). “Layer-by-layer deposition,” BioResources 11(2), 4605-4620.
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Figure 9 shows the picture of specimens assembled with PEI(PSS/TiO2)1
multilayers (a) before and (b) after modification with POTS contacting with water. TiO2 is
a hydrophilic material, so TiO2-coated wood surface exhibited hydrophilic characteristics
and water droplets quickly seeped into the wood surface. After modification of TiO2-coated
wood by POTS, the treated wood surface was transformed from hydrophilic to hydrophobic,
and the WCA reached about 133° (S1).
In conclusion, Fig. 10 contains a diagram of the LbL assembly technique for
fabricating hydrophobic wood. When the surface was covered by a high-surface-roughness
film of TiO2 nanoparticles and subsequently modified by a low-surface-energy thin layer
of POTS reagent, wood had a very favorable hydrophobic stability. Thus, functionalized
wood surfaces are created by the LbL assembly technique.

Fig. 10. Schematic for fabricating hydrophobic wood using the LbL assembly technique

Stability and Durability of Superhydrophobic Wood
The environmental stability and durability of the superhydrophobic wood surface
have been investigated (Fig. 11).

Fig. 11. The environmental stability and durability of the superhydrophobic wood surface
assembled with PEI(PSS/TiO2)n multilayers: n = 5, n = 7, n = 9

Lu and Hu (2016). “Layer-by-layer deposition,” BioResources 11(2), 4605-4620.
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The result showed that the WCAs of the prepared wood surfaces still keep their
hydrophobicity for a long time in air and the water. Thus, it can be concluded that the
superhydrophobic wood had a satisfactory environmental stability and durability.

CONCLUSIONS
1. A superhydrophobic wood surface was fabricated in two steps. First, a high-surfaceroughness film of TiO2 nanoparticles was deposited on the wood surface by the layerby-layer (LbL) assembly technique, and next, a low-surface-energy thin layer was
coated on the TiO2 nanoparticles with the 1H,1H, 2H,2H-perfluoroalkyltriethoxysilane
(POTS) surface modifying agent.
2. The influence of experimental factors, such as the reaction pH values and selfassembled layers on the wood surface, was investigated; samples were obtained at
different preparation conditions of the LbL assembly process. Larger water contact
angle (WCA) was achieved when PEI was maintained in alkaline conditions, PSS and
TiO2 were maintained in acidic conditions, and more multilayers were added.
3. After the superhydrophobic treatment, the wettability of the wood surface was
transformed from hydrophilic to superhydrophobic with the highest WCA of 161°.
4. A simple, facile, novel, and feasible procedure for fabricating superhydrophobic wood
was developed and nanoscale films on wood surfaces were created by the LbL
assembly technique.
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