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Preparation and Characterization of Nanocellulose
Coating Modified by Titanium Dioxide

Yi Zhang,? Shengfei Yu,®* and Wusheng Luo °

The hydrophilic character of cellulose nanowhiskers (CNWSs) coating was
changed by the use of TiO2to modify CNWSs, thus preparing TiO2/CNWs
coating by a two-step method. Meanwhile, the effect of the additive amount
and particle size of TiOz on the surface structure and water contact angle
(WCA) of the coatings was studied. The solid contents of the suspension
were characterized by Fourier infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS), and X-ray diffraction (XRD). The
TiO2/CNWs coating was characterized via scanning electron microscopy
(SEM) and atomic force microscopy (AFM). Moreover, their wettability by
water was revealed by the contact angle analyzer. The AFM and WCA
analyses showed different additive amount and particle size of TiOz have
different effects on the surface structure and the WCA of the coatings.
When the additive amount of TiO2 was 0.2 wt.% and the particle size of
TiO2 was 30 nm, the WCA and surface roughness (Rq) of the obtained
TiO2/CNWs coating reached maximum values of 86.2° and 135nm,
respectively. The TiO2 was relatively evenly distributed in the coating and
the addition of TiO2 increased the crystallinity of CNWs from 79.67% to
84.89%. In addition, the FTIR and XPS analyses showed that TiO2 only
physically dispersed in CNWs instead of having significant chemical
reaction with CNWs.
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INTRODUCTION

Cellulose is the most widely distributed and abundant biomass material in nature.
It is a long-chain polysaccharide polymer consisting of p-1-4-glycosidically-linked
anhydroglucose units with three reactive hydroxyl groups per anhydroglucose unit.
Nanocellulose can be obtained from plant cellulose by several processing methods such as
the mechanical treatment, chemical treatment, enzymatic treatments, etc., and it possesses
various forms, including cellulose nanowhiskers (CNWs), also known as nanocrystalline
cellulose (NCC) and cellulose nanocrystals (CNCs), nanofibrillated cellulose (also called
cellulose nanofibril (CNF)), and bacterial cellulose (BC) (Abitbol et al. 2016; Nguyen et
al. 2019; Coli¢ et al. 2020; Zinge and Kandasubramanian 2020). Compared with other
forms of nanocellulose, CNWs, as a whiskers form of nanocellulose, has better thermal
stability, strength, etc. (Borsoi et al. 2016). Nanocellulose has been studied extensively in
coatings, particularly in oxygen barrier and grease barrier coatings, due to its non-toxicity,
non-pollution, biodegradability, high stiffness and tensile strength, facile modification, etc.
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(Hubbe et al. 2017; Herrera et al. 2017; Xue et al. 2017). Although nanocellulose coating
has excellent performance, it has its limitations (Tortorella et al. 2020). In particular,
nanocellulose exhibits poor water resistance due to the copious hydrophilic hydroxyl
groups in cellulose molecular chains. Nanocellulose coatings are relatively easy to be
dissolved again in wet environments, and then the overall structure of the coating becomes
destroyed, thereby restricting its application in high-humidity environments (Koppolu et
al. 2019). Consequently, nanocellulose coatings need surface modifications to expand their
applications. Modifications can be divided into two categories: organic and inorganic.
Compared with organic modification (Zheng and Fu 2019), it is easy for inorganic
modification to construct different microstructure of composite coatings, thus to change
the hydrophilic or hydrophobic properties of coatings. Furthermore, coatings prepared by
inorganic modifications generally possess better mechanical stability, acid and alkali
resistance, and thermal stability. Huang et al. (2019) prepared a superhydrophobic cellulose
nanocrystals (CNCs) /SiO2 coatings by in situ growth of SiO2. The obtained coatings
showed excellent resistance to acid and alkali, and they retained their superhydrophobicity
after sandpaper abrasion, finger-wipe, knife-scratch, and water-drip test. Wang et al.
(2020) fabricated nanocellulose fiber (NCF)-composited superhydrophobic coating by
using SiOz2 as the modifier. Notably, the coating remained superhydrophobic after over 360
cycles of grit abrasion. Ahmed et al. (2020) synthesized cellulose/graphene oxide
nanocomposite (CGN) films by loading graphene oxide (GO) in a cellulose matrix.
Compared with neat cellulose film, the CGN films rendered significant enhancement in the
mechanical and thermal properties. Shi et al. (2020) prepared nano-graphene/copper/
cellulose composite coatings (NGCC) on flexible glass substrates by a spraying process.
The tribological performance test of the NGCC indicated that adding a small amount of
graphene/Cu improves the anti-wear property of cellulose. In addition, the particles size
and particle contents can affect the surface structure and properties of materials or coatings
in the modification. Lu et al. (2017) prepared fluoropolymer/SiO2 composite coatings by
adding different particle size of SiO2 and found that the SiOz particles size had an obvious
effect on the dispersive capacity and corrosion resistance coatings. Su et al. (2018) found
the coatings fabricated by using nanoscale hydroxyapatite (HA) had lesser micro-crack and
lower crack width than micron HA. Schitz et al. (2012) fabricated a nanofibrillated
cellulose-TiO2 hybrid film whose hardness and optical transmittance decreased towards
high concentration of nanoparticles.

The most common inorganic modifier used to improve hydrophobicity of
nanocellulose is SiO2. Chen et al. (2020) loaded silica onto nanocellulose membranes
through surface coating, followed by grafting hexadecyltrimethoxysilane groups
(HDTMS). A small amount of SiO: distributed on the surface of the film gave the coating
better hydrophobic property. Zuo et al. (2019) fabricated the aerogels of cellulose
nanofibrils (CNF)/SiOz. The combination of the chemical vapor deposition of fluorosilane
reagent and the loaded SiO2 nanoparticles gave rise to the superamphiphobic performance
for nanocellulose-based aerogels, which achieved the contact angles of both the water and
oil higher than 150°.

The superhydrophobic properties of above studies are achieved by combining low
surface energy materials with the roughness constructed by loading SiO2. At present,
whether the solely constructure of roughness surface can achieve hydrophobicity or super-
hydrophobicity is rarely studied. Nanocellulose coating is a hydrophilic substance, and the
droplets present a Wenzel state on the surface of the coating, so increasing the roughness
will increase its hydrophilic. However, the surface of nanocellulose constructed the micro-
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nano mastoid structures by different methods to realize the transition from Wenzel state to
Cassie state and finally led to hydrophobicity (Song and Rojas 2013).

The same as SiOz, TiO2 can change the hydrophilic or hydrophobic properties of
cellulose materials or coatings. Kettunen et al. (2010) obtained hybrid TiO2/nanocellulose
aerogels by freeze-drying and chemical vapor deposition. In the stable state, hybrid
TiO2/nanocellulose aerogels shows water-repellent states which attributed to the formation
of micro-nano structures. However, the missing roughness in microscale and nanoscale led
to it showing water-superabsorbent states after UV illumination. Neelapala et al. (2017)
successfully incorporated TiO2 into cellulose acetate (CA) via phase inversion and then
fabricated nanocomposite membranes. The addition of TiO2 resulted in a decrease in
finger-like projection and formed spongy structure, so the hydrophilicity of the CA
membrane and the antifouling property significantly improved. Moreover, TiO2 can endow
nanocellulose coating with more additional properties due to its uniquely catalytic,
chemically stable, light resistance, antibacterial and biocompatible properties (Ali et al.
2018). Galkina (2015) produced an antibacterial hybrid material for drug delivery
applications by using TiO2 chemically grafted onto cellulose nanofibers (CNF). Rathod et
al. (2018) prepared nanocellulose/TiO2 composites by ultrasonic impregnation method for
photodegradation of mefenamic acid (MEF). Garusinghe et al. (2018) prepared a
photocatalytic composite by using polyamide-amine-epichlorohydrin (PAE) as wet
strength agent and a retention aid to embed TiO2 nanoparticles (NPs) into the
microfibrillated cellulose (MFC) matrix in a simple two-step mixing process. Farshchi et
al. (2019) prepared CMC/Gel/TiO2-Ag film through modifying carboxymethyl cellulose
(CMC) with gelatin and TiO2-Ag nanoparticles. The synthesized film improved the
photocatalytic activity. Nair et al. (2020) improved light absorption and photocatalytic
activity of cellulose nanocrystals (CNCs) by growing TiO2 nanorods (NRs) on CNCs by
an in-situ growth method. The above works mainly focused on the photocatalytic or
antibacterial properties of composite materials or coatings prepared by nanocellulose or its
derivatives modified by TiO2. However, till now, changing the hydrophilia of
nanocellulose coatings prepared by adopting TiO2 to modify nanocellulose coatings has
rarely been reported, especially cellulose nanowhiskers (CNWSs) coating.

The objective of this paper was to change the hydrophilic character of CNWs
coating by adopting TiO2 to modify CNWs to have obtained the TiO2/CNWs coating in a
facile, eco-friendly fabrication method. Firstly, CNWs as the raw materials were modified
with TiOz2 in pure water condition to form a newly homogeneous TiO2/CNWs suspension.
Thereafter, TiO2/CNWs composite suspension was coated onto the glass slides by drop-
coating method. The influence of adopting the different additive amount or particle size of
TiO2 to modify CNWs coating on the hydrophilia properties of CNWSs coating was
investigated. In addition, the chemical states and structures, crystallinity and morphology
of modified and unmodified CNWSs or CNWs coating were characterized.

EXPERIMENTAL

Materials

Cellulose nanowhiskers (CNWs) with 2% solid content were purchased from
Northern Century (Jiangsu) Cellulose Materials Co., Ltd. (Jiangsu, China). The rutile
titanium dioxide nanoparticles (TiOz2) with 30 nm diameters were provided by Dongguan
Xinyu Chemical Co., Ltd. (Dongguan, China). The rutile titanium dioxide nanoparticles
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(TiO2) with 74 um diameters were provided by Guangdong Puburn Nanotechnology Co.
Ltd. (Shaoguan, China). Deionized water (DI) was prepared in the laboratory. Glass slides
(7.5 cm x 2.5 cm) was purchased from Hebei Dingsheng Longhua Experimental Instrument
Co., Ltd. (Shijiazhuang, China). Silicon sheet (23 mm x 23 mm) was provided by Harbin
Tebo Technology Co., Ltd. (Harbin, China).

Synthesis
Preparation of the TiO2/CNWs composite suspension

TiO2 (74 pm) in different additive amounts (0.06 wt%, 0.1 wt%, 0.2 wt%, and 0.3
wt% with respect to the CNWs (2 wt%)) was added to deionized water to form 50 mL of
suspension and dispersed by the ultrasonic cleaners for 30 min, which obtained different
concentrations of TiO2 dispersion. Four groups of 50 g of CNWs were separately combined
with deionized water to form 100 mL of suspension and heated in a water bath under
magnetic stirring. When they were heated to 70 °C, the previously prepared different
concentrations of TiO2 dispersion were added into them by dripping slowly for 1 h.
Subsequently, the obtained four groups of TiO2/CNWSs suspensions were magnetically
stirred at 70 °C for 6 h. They continued to be stirred magnetically at room temperature for
12 h. In the end, the TiO2/CNWs composite suspensions were obtained and were denoted
as S-1, S-2, S-3, and S-4 respectively. The pristine CNWSs suspension was prepared under
the same conditions without the presence of TiO2 and was denoted as S-0.

In addition, four groups of TiO2/CNWs composite suspensions were prepared by
changing TiOz2 particle size to 30 nm under the same conditions, where the additive quantity
of TiO2were respectively 0.06 wt%, 0.1 wt%, 0.2 wt%, and 0.3 wt% relative to the CNWs
(2 wt%), and were denoted as S-5, S-6, S-7, and S-8 respectively. The samples of S-0 and
S-7 were vacuum-dried to obtain the solid contents of the suspensions for subsequent
analysis and they were, respectively, denoted as CNWs and TiO2/CNWs.

Preparation of the TiO2/CNWs coating

The above CNWSs suspension and eight groups of TiO2/CNWSs composite
suspensions were respectively coated on glass slides by drop-coating method and dried at
room temperature to obtain CNWs coating and TiO2/CNWSs coatings. Meanwhile, the
obtained CNWs coating and eight groups of TiO2/CNWs coatings were separately denoted
as C-0, C-1, C-2, C-3, C-4, C-5, C-6, C-7, and C-8 correspond to the names of above
suspensions. In the end, all coatings samples were used for subsequent analysis. All the
above experimental samples are shown in Table 1.

Table 1. Experimental Samples

Suspension samples | Coating samples TiO2 (Wt.%) The particle size of TiO2

S-0 C-0 0

S-1 C-1 0.06 74 ym
S-2 C-2 0.1 74 ym
S-3 C-3 0.2 74 um
S-4 C-14 0.3 74 um
S-5 C-5 0.06 30 nm
S-6 C-6 0.1 30 nm
S-7 Cc-7 0.2 30 nm
S-8 C-8 0.3 30 nm

Zhang et al. (2022). “Nanocellulose/TiO- coating,” BioResources 17(1), 504-518. 507



PEER-REVIEWED ARTICLE b | oresources.com

Characterizations
Fourier infrared spectroscopy (FTIR) analysis

To analyze changes in chemical structures, an infrared spectrometer (Thermo
Scientific Nicolet iS5, Massachusetts, USA) was used to obtain infrared spectrums of TiOz,
CNWs, and TiO2/CNWs by the KBr pressed-disk technique. Before FTIR analysis, these
samples were dried to eliminate the influence of the broad water peak. During the FTIR
analysis, the background and every sample were scanned for 32 times at a speed of 0.2
cm/s from 400 to 4000 cm™. The resolution was set to 4 cm™,

Scanning electron microscopy (SEM) analysis

The topographies and surface microstructures of CNWs coating and TiO2/CNWs
coatings were explored with SEM (Zeiss Sigma 300, Jena, Germany). Prior to testing, the
samples were cut into appropriate sizes and sprayed with a thin layer of gold.

Atomic force microscope (AFM) analysis

The morphologies of CNWSs coating and TiO2/CNWs coatings were studied by an
AFM (Bruker Dimension Icon, Madison, USA). Before testing, the suspension of CNWs
and TiO2/CNWs were dripped onto two pieces of thin silicon sheet. They were dried at
room temperature for the AFM measurement.

X-ray photoelectron spectroscopy (XPS) analysis
The elements and chemical states of CNWs and TiO2/CNWs were measured by
XPS (Escalab Xi+, Massachusetts, USA).

X-ray diffraction (XRD) analysis

An X-ray diffractometer (XD-2 diffractometer, Beijing Puxi Company, Beijing,
China) was used to investigate the changes in the crystal structures between CNWs and
TiO2/CNWs. The instrument was equipped with CuKa radiation (1=1.5406A). The
operating voltage was 40 kV, and the current was 300 mA. The data were collected within
the 20 range from 10° to 80° with a scan speed of 2°/min. The crystallinity index (Crt%)
was obtained using Eq. 1,

Crt% = 200~ lam . 910004 (1)

Iz00

where 200 represents the diffraction intensity of the (200) plane, and lam is the amorphous
area for minimum intensity between (110) and (200) plane (Dai et al. 2018).

Water contact angle (WCA) analysis

The water contact angles of CNWs coating and TiO2/CNWSs coatings were
measured with a contact angle analyzer (Dataphysics DCAT21, Stuttgart, Germany).
Samples were placed on a contact angle analyzer, and 5 uL of distilled water was dripped
onto the surface of a sample. The contact angle between the water droplet and the sample
surface was recorded. For each sample, the final contact angle value was the average value
of three results obtained at three different places of the same sample surface.
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RESULTS AND DISCUSSION

FTIR Spectroscopy Analysis

The FTIR physicochemical analysis of TiO2, CNWs, and TiO2/CNWs is illustrated
in Fig. 1. For CNWs (Fig. 1b), a broad characteristic peak was seen at 3379 cm™, which
indicates the stretching vibration of the O-H bond. The peak appearing at 1650 cm™ is
associated with the O-H bending of the adsorbed water. The peaks at 1429 and 1373 cm™
are attributed to the bending vibration absorption of C-H bond of methyl and methylene,
respectively. The peak appearing at 1061 cm™ is associated with the stretching vibration of
the C-O bond. The sharper and narrower peak appearing near 897 cm™ is caused by the
stretching vibration of the B-glucoside bond (Arularasu et al. 2020). Comparing with the
spectra of CNWs, there was no other new characteristic absorption peak for TiO2/CNWs
(Fig. 1c), aside from two peaks at 423 cm™ and 647 cm™, which are the characteristic
absorbance peaks of TiO2 (Fig. 1a) (Zhang et al. 2019). These results indicate that TiO2
successfully was loaded on CNWs, but the addition of TiO2 caused no significant chemical
reaction with CNWs. TiO2 was only physically dispersed in CNWs.
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Fig. 1. FTIR spectra of (a) TiOz, (b) CNWSs and (c) TiO2/CNWs

SEM Analysis
Figure 2 shows SEM images of C-0, C-3, and C-7. As shown in Fig. 2a, the surfaces
of pure CNWs coating were very smooth and flat at low magnification.

Fig. 2. SEM images of (a) C-0, C-3 and (b) C-7
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It can be seen from Fig. 2b that TiO2 particles were aggregated and the surface
roughness of coating increased. Furthermore, the coating slightly cracked. However, in the
surface morphology of C-7 (Fig. 2c), the TiO2 particles are relatively evenly distributed in
the coating. Most TiO2 particles wrapped under the CNWSs coating, and solely small
amounts are exposed on the surface of the CNWSs randomly. Moreover, the rough structure
of coating was more obvious.

XPS Analysis

Figure 3a shows XPS spectra of the CNWs and TiO2/CNWs and Fig. 3b shows the
corresponding high-resolution spectra of Ol1s. Moreover, Table 2 provides the elemental
contents analysis of the corresponding CNWs and TiO2/CNWs.

Table 2. Elemental Contents of CNWs and TiO2/CNWs

Elemental Contents

Samples C (%) 0 (%) Ti (%)
CNWs 59.05 40.95
TiO2/CNWSs 57.58 41.76 0.65

As shown in Fig. 3(a), the characteristic signals of C1ls and O1s correspond to
284.80 and 531.21 eV, respectively (Chen et al. 2020). In addition, very small
characteristic signals of Ti2p correspond to 456.96 eV in TiO2/CNWs (Pisarek et al. 2020).
These results indicate that the addition of TiO2 was very little. This is also demonstrated in
Table 2. Comparing with CNWSs, TiO2/CNWs has an extra element of Ti which accounted
for 0.65%. Moreover, Fig.3(b) exhibits the O1s spectrum of CNWs and TiO2/CNWs. It can
be observed that the main characteristic peaks corresponded to C-O-H (532.50 eV)
(Eleutério et al. 2020) and C-O (531.51 eV) (Landoulsi et al. 2016) in CNWs, respectively.
There is an additional characteristic peak correspond to Ti-O-Ti (529.16 eV) (Pisarek et al.
2020) in TiO2/CNWs. But that chemical environment of O atoms had not changed. These
findings indicate that TiO2 was present in the organic system of CNWSs by physical
blending instead of chemical action. The result of analysis is consistent with the above-
mentioned FTIR analysis.
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Fig. 3. (2)XPS spectra of CNWs and TiO2/CNWs, (b) the corresponding high-resolution spectra of
O1ls
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XRD Analysis

Figure 4 shows the XRD spectra of TiO2, CNWs, and TiO2/CNWSs. Three strong
diffraction peaks at 16.5°, 22.4°, and 34.4° in the XRD spectrum of the CNWs correspond
to the (110), (200), and (004) planes, respectively, of cellulose crystals (Mhd Haniffa et al.
2017). As shown in the XRD spectrum of the TiO2/CNWs, this sample retained the
characteristic peaks of TiO2 and CNWSs. The two characteristic peaks of the CNWSs were
weakened in intensity, which may be attributed to the change in the amount of CNWs.
These observations clearly indicate that TiO2 physically combined with the CNWs.
Because there were no chemical interactions between them, the TiO2 did not change the
CNWs physical characteristics. Using these XRD data, the crystallinity values of CNWs
and TiO2/CNWs were calculated as 79.67% and 84.89%, respectively. These data indicate
that the addition of TiOz increased the crystallinity of CNWs.
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Fig. 4. XRD spectra of (a) TiOz, (b) CNWs and (c) TiO2/CNWs
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AFM Analysis

Figure 5 shows AFM images of all coatings samples. The distribution of TiOz in
the coating of each sample can be seen from these images. When the particle size of TiO2
was 74 um, the TiO2 particles were evenly distributed in the coating with the increased
addition of TiO2 within the range of 0 to 0.1wt% (Fig.5a, 5b and 5c). However, when the
additive amount of TiO2 exceeded 0.1 wt%, the TiO2 particles were unevenly distributed
in the coating with the increased addition of TiO2 (Fig.5d and 5e). The distribution of 30
nm TiO2 seemed to be similar to74 um TiO2, whereas the additive amount of TiO2
exceeded 0.2 wt% began to unevenly distribute (Fig.5f, 5g, 5h, and 5i). In addition,
comparing with 74 um TiO2, 30 nm TiO2 was relatively uniformly distributed in the
coating. This may be attributed to the tendency for excessive TiO2 particles to aggregate
(Garusinghe et al. 2018) and the larger particle size led to more aggregation, which is in
line with the above-mentioned SEM analysis.

Furthermore, it can be seen from Fig. 5 that the addition of TiO2 affected the surface
roughness (Rq) of the CNWs coating. According to the data of Rq obtained by analysis, the
relation curves of Rq changing with the increased addition of TiO2 were drawn in Fig. 6.
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Fig. 5 and 6 indicated that the addition of TiO2 led to increase the roughness of coating. As
shown in Fig. 5 and Fig. 6(a), when the particle size of TiO2 was 30 nm, the coatings were
present as micro-nanoscale mastoid structures. Moreover, the Rq of the TiO2/CNWs coating
increased with the increased addition of TiO2 within the range of 0 to 0.2 wt%; however it
decreased with the increased addition of TiOzwithin the range of 0.2 to 0.3 wt%. When the
additive amount of TiO2 was 0.2 wt%, the Rq of the TiO2/CNWSs coating reached the
maximum (135 nm).

" Rq=119nm Rq=126nm . Rq _ 'Rq=114nm

Fig. 5. AFM images of (a) C-0, (b) C-1, (c) C-2, (d) C-3, () C-4, (f) C-5, (g) C-6, (h) C-7, and (i) C-
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Fig. 6. Influence of different additive amounts of (a) TiO2 (30 nm) and (b) TiO2 (74 pym) on the Rq of
the TiO2/CNWSs coating

As shown in Fig. 5 and Fig. 6(b), when the particle size of TiO2 was 74 pum, the
micro-nanoscale mastoid structures also can be found in C-1 and C-2. However, other
coatings only existed as a nanoscale structure. Moreover, the Rq of the TiO2/CNWs coating
increased with the increased addition of TiO2 at the range of 0 to 0.1 wt%; however it
decreased with the increased addition of TiO2within the range of 0.1 to 0.3 wt%. When the
additive amount of TiO2 was 0.1 wt%, the Rq of the TiO2/CNWSs coating reached the
maximum (103 nm). In addition, when the additive amount of TiO2 was the same, the Rq
of the TiO2/CNWs coating prepared by TiO2 (30 nm) was higher than TiO2 (74 um). For
example, the Rq of C-7 (135 nm) was higher than that of C-3 (97.8 nm), which is in line
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with the above-mentioned SEM analysis. Therefore, the additive amount and particle size
of TiO2 can affect the Rq of the TiO2/CNWSs coating, which may be attributed to that most
TiO2 evenly distributed and was wrapped under the surface of the CNWs coating when the
addition dosage of TiO2 was small, so the Rq increased slightly. With the further increase
of TiO., different concave-convex structure was formed, so the Rq continued to increase.
However, excessive TiOz2 led to aggregates, which could not be completely wrapped under
the surface of the coating. Meanwhile, the coating cracked and finally the Rq decreased
(Wu et al. 2019).

Water Contact Angle Analysis

The hydrophilicity characteristics of all coating samples were assessed based on
their water contact angles. When the particle size of TiO2 was 30 nm or 74 um, the results
of the influence of different additive amounts of TiO2 on the WCA of the TiO2/CNWs
coating are shown in Fig. 7. The images of the WCA of C-0, C-3, and C-7 are shown in
Fig. 8.
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Fig. 7. Influence of different additive amounts of (a)TiO2 (30 nm) and (b) TiO2 (74 um) on the WCA
of the TiO2/CNWSs coating

When a water droplet was placed on the CNWs coating, the water droplet spread
immediately and penetrated the inside of the coating, resulting in softening of the CNWs
coating. The WCA of the CNWs coating was 58.1° (Fig. 8a), which implies that the CNWs
coating is hydrophilic and can be easily destroyed by aqueous solutions. As shown in Fig.
7(a), when the particle size of TiO2 was 30 nm, the WCA of the TiO2/CNWs coating
increased with the increased addition of TiO2 within the range of 0 to 0.2 wt%; however it
decreased with the increased addition of TiO2within the range of 0.2 to 0.3 wt%. When the
additive amount of TiO2 was 0.2 wt%, the WCA of the TiO2/CNWSs coating reached a
maximum, which means that the hydrophilicity was at a minimum. Meanwhile, the WCA
of all TiO2/CNWs coating was higher than the CNWs coating. The variation trend of the
WCA was the same as for the Rq of the coating in the AFM analysis. This may be attributed
to the surface formed the micro-nanoscale mastoid structures. A hierarchical surface
roughness makes the surface more hydrophobic than that a nonhierarchical roughness.
Owing to the hydrophilic nature of the surface of TiO2/CNWSs coating, however, the
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droplets on the surfaces with hierarchical roughnesses ending up being in the Wenzel states
(Kwon et al. 2018). As shown in Fig. 7(b), when the particle size of TiO2 was 74 um,
adding TiOz2 to the CNWs coating can change the WCA of the CNWs coating. The WCA
of the TiO2/CNWs coating increased with the increased addition of TiO2 within the range
of 0 to 0.1 wt% and they were higher than the CNWs coating; however it decreased with
the increased addition of TiOzat the range of 0.1 to 0.3 wt% and they were lower than the
CNWs coating, which may be attributed to the surface of C-3 and C-4 only forming the
nanoscale roughness, so the surface of coating remains Wenzel state and finally increased
the roughness led to increase of hydrophilicity. When the additive amount of TiO2 was 0.1
wt%, the WCA of the TiO2/CNWs coating reached a maximum, meaning that the
hydrophilicity was at a minimum. The variation trend of the WCA was the same as for the
Rq of the coating in the AFM analysis. In addition, when the additive amount of TiO2 was
the same, the WCA of the TiO2/CNWs coating prepared by TiOz (30 nm) was higher than
that of TiO2 (74 um). For example, when the additive amount of TiO2 was 0.2 wt.%, the
particle size of TiO2 was 30 nm, the WCA of the obtained C-7 was 82.1° (Fig. 8c).
However, when the particle size of TiO2 was 74 um, the WCA of the obtained C-3 was
52.4° (Fig. 8b). Meanwhile, the WCA of C-7 was maximized in all samples. The results
are consistent with that of Rq of the coating in the AFM analysis. The above results
indicated that the changes of the hydrophilia of the obtained TiO2/CNWSs coating might be
attributed to the changes in the Rq of the coating, the distribution of TiOz2 in the coating and
integrity of the coating, as well as the forming the micro-nanoscale mastoid structures.
Therefore, changing the additive amount and particle size of TiO2 can change the
hydrophilia of the obtained TiO2/CNW:s coating.
(c) ’

Fig. 8. Images of the WCA of (a) C-0, (b) C-3, and (c) C-7

(a) [ (b)

CONCLUSIONS

1. Coating materials comprised of titanium dioxide particles and cellulose nanowhiskers
(TiO2/CNWs) were successfully formed by adopting TiO2 to modify CNWs.

2. Different additive amounts and particle sizes of TiO2 were found to have different
effects on the surface structure and the water contact angle (WCA) of the coatings that
is say the hydrophilic of the coatings. The hydrophilic character of the obtained
TiO2/CNWs coating was affected by the Rq of the coating, the distribution of TiOz in
the coating, integrity of the coating, as well as the forming the micro-nanoscale mastoid
structures. In addition, when the particle size of TiO2 was 30 nm and the additive
amount of TiO2 was 0.2 wt%, the TiO2 particles were relatively evenly distributed in
obtained TiO2/CNWs coating and formed the micro-nanoscale roughness structures,
the Rq of the coating reached the maximum and was 135 nm, as well as the WCA of
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the coating reached the maximum and was 82.1°, meaning that the hydrophilicity was
at a minimum.

3. The results of XRD exhibited that the addition of TiO2 improved the crystallinity of
CNWs from 79.67% to 84.89%.

4. The FTIR and XPS results confirmed that TiO2 was only physically dispersed in
CNWs instead of having significant chemical reaction with CNWs.
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