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Abstract: Functional nanocomposites with biopolymers and zinc oxide (ZnO) nanoparticles is an
emerging application of photocatalysis in antifouling coatings. The reduced chemical stability of ZnO
in the acidic media in which chitosan is soluble affects the performance of chitosan nanocomposites in
antifouling applications. In this study, a thin shell of amorphous tin dioxide (SnOx) was grown on the
surface of ZnO to form ZnO–SnOx core–shell nanoparticles that improved the chemical stability of the
photocatalyst nanoparticles, as examined at pH 3 and 6. The photocatalytic activity of ZnO–SnOx in
the degradation of methylene blue (MB) dye under visible light showed a higher efficiency than that
of ZnO nanoparticles due to the passivation of electronic defects. Chitosan-based antifouling coatings
with varying percentages of ZnO or ZnO–SnOx nanoparticles, with or without the glutaraldehyde
(GA) crosslinking of chitosan, were developed and studied. The incorporation of photocatalysts
into the chitosan matrix enhanced the thermal stability of the coatings. Through a mesocosm study
using running natural seawater, it was found that chitosan/ZnO–SnOx/GA coatings enabled better
inhibition of bacterial growth compared to chitosan coatings alone. This study demonstrates the
antifouling potential of chitosan nanocomposite coatings containing core–shell nanoparticles as an
effective solution for the prevention of biofouling.

Keywords: chitosan; ZnO; nanocomposite; chemically resistant; photocatalytic; antifouling

1. Introduction

Biofouling is the undesirable growth of attached organisms on marine installations [1],
which is known to incur billions of dollars in shipping and maintenance costs [2]. To
prevent biofouling, industries use antifouling paints containing toxic organics, such as
isothiazolone, or inorganic biocides such as copper (Cu) and copper pyruvate, which leach
out of the coatings and kill the fouling organisms [3]. However, these toxic biocides also kill
non-target marine organisms and are known to accumulate in marine environments [3,4].
Although some non-toxic antifouling coatings are commercially available, they are ex-
pensive and not as effective as traditional biocides [5,6]. Thus, there is an urgent need to
develop broadly effective, low- or non-toxic antifouling solutions.

The biopolymer chitosan (CH) may offer an ideal antifouling coating solution owing to
its broad-spectrum antibacterial, antifungal and anti-algal properties, along with excellent
film-forming properties [7–9]. Chitosan, a deacetylated form of chitin (a polymer of
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N-acetylglucosamine), is the second most abundant polysaccharide after cellulose on the
planet, and is a low-cost, non-toxic, biocompatible material. Furthermore, chitosan is part
of a green chemistry strategy as it is mainly extracted from marine shellfish wastes (e.g.,
exoskeleton of shrimps or crabs) by a very simple and economic protocol [7]. Due to
the presence of reactive amino groups, chitosan binds strongly with negatively charged
surfaces and easily forms films, coatings and complexes with polyanions. The amine
groups are also responsible for the high hydrophilicity of chitosan in an acidic medium [10].
The crosslinking of chitosan molecules via the reaction of primary amine groups in chitosan
with aldehyde groups from the crosslinker glutaraldehyde (GA) lead to increased tensile
strength, reduced hydrophilicity, and enhanced chemical resistance. Apart from the newly
formed imine group, a number of amine groups still remain in the crosslinked chitosan
matrix, allowing interaction with the surroundings [11].

Chitosan has antimicrobial properties, primarily due to interactions between the
positively charged amine groups of chitosan and the negatively charged microbial cell
membranes, leading to the leakage of cellular constituents and consequent cell death [7].
However, further improvements in antimicrobial and other properties are desirable in
order to develop practically applicable antifouling coatings [12]. Metal oxide nanoparticles,
especially zinc oxide (ZnO), have attracted particular interest for their broad-spectrum
antimicrobial (i.e., antibacterial, antiviral, and antifungal) activity, with minimal or no
adverse effects on mammalian cells [13,14]. Furthermore, ZnO nanoparticles are listed
as a generally recognized as safe (GRAS) material by the US Food and Drug Administra-
tion (FDA) [15]. The incorporation of ZnO nanoparticles into chitosan coatings/films has
been demonstrated to yield improved antimicrobial activity, mechanical strength, ther-
mal stability, and UV blocking properties [16–19]. Although recent studies revealed that
chitosan–ZnO nanoparticle-based composites have promising potential for application in
antifouling coatings [14,20,21], ZnO nanoparticles are chemically unstable under acidic
pH (lower than 7) conditions, resulting in Zn2+ ions being released from the ZnO nanopar-
ticles [22]. On the other hand, chitosan is only soluble in water under acidic conditions,
since the protonation constant (pKa) of chitosan is generally between 6 and 6.5 [23], and
the crosslinking of chitosan is most effective at a pH around 4 [24].

Thus, to overcome the stability problem of ZnO in acidic media, in which chitosan is
soluble, in this work, a shell of amorphous tin dioxide (SnOx) was grown on the surface of
ZnO to form ZnO–SnOx core–shell nanoparticles by a simple hydrothermal method. The
motivation of choosing SnOx as a coating material on ZnO lies in the chemical stability of
SnOx in a broad range of pH values, its wide bandgap (3.6 eV) with low n-type resistivity,
and its good transparency that will not hinder, but will instead improve, the photoactiv-
ity of ZnO [25]. Previously, ZnO–SnOx core–shell nanorods or nanoparticles have been
reported in such applications as optical instruments [26,27] and gas-sensing devices [28,29].
Chitosan–inorganic photocatalyst composites for the visible light-driven decontamination
of wastewater, and for antimicrobial or antifouling applications using noble metals, metal
oxides or metal chalcogenides in chitosan as support, are also reported [30–32]. However,
the investigation of ZnO–SnOx core–shell nanostructures as chemically resistant photocat-
alytic anti-fouling materials has not been carried out. Herein, we incorporate ZnO–SnOx
into the chitosan matrix and apply nanocomposite coatings for antifouling applications.
We investigated the effects of SnOx coating on the chemical stability of ZnO nanoparticles
at acidic pH levels and the photocatalysis of ZnO–SnOx core–shell nanoparticles on the
degradation of methylene blue (MB) dye under visible light irradiation. Finally, the an-
tifouling properties of the developed hybrid nanocomposites were tested in an outdoor
mesocosm study using the flow of natural seawater.
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2. Results
2.1. Characterization of ZnO–SnOx Core–Shell Nanoparticles
2.1.1. Microstructural Analysis

The morphology of ZnO–SnOx core–shell nanoparticles was studied by high-resolution
transmission electron microscopy (HRTEM) and the images are shown in Figure 1a–d. An
inhomogeneous coating layer of SnOx was observed on the surfaces of the ZnO nanopar-
ticles (Figure 1a,b), where the ZnO nanoparticles were either partially or fully coated.
The SnOx coating was found to have an amorphous nature, with a thickness of about
3–4 nm for ZnO–SnOx (5 mM; synthesized using 0.090 g (5 mM) of SnCl2·2H2O) and
4–6 nm for ZnO–SnOx (10 mM; synthesized using twice the amount of SnCl2·2H2O pre-
cursor) (Figure 1c,d). The lattice fringes of the inner ZnO particles can be clearly observed,
and the lattice spacing was about 0.26 nm, which corresponds to the (002) lattice plane
of hexagonal ZnO. The particle size distribution of the quasi-spherical particles is sum-
marized in Figure 1e,f; the size of ZnO–SnOx (5 mM) ranged from 15 to 65 nm (average
diameter 32.3 ± 1.8 nm) and that of ZnO–SnOx (10 mM) was 12–78 nm (average diameter
32.8 ± 2.1 nm). A higher concentration of SnOx precursor did not cause a notable increase
in coating thickness.

Figure 1. TEM images with low magnification and high magnification of (a, c) ZnO–SnOx (5 mM) and
(b,d) ZnO–SnOx (10 mM) core–shell nanoparticles. The thickness of the amorphous SnOx coatings
is indicated by green arrows and the lattice spacing of ZnO by blue arrows in (c) and (d); (e) and
(f) show the particle size distribution of ZnO–SnOx (5 mM) and ZnO–SnOx (10 mM) nanoparticles
(n = 150).
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2.1.2. Colloidal Suspension and Stability

The hydrodynamic sizes and zeta potentials of the core–shell nanoparticles, deter-
mined by dynamic light scattering measurements, are given in Table 1. The size distribution
of bare ZnO lay in the range of 30–100 nm, with a mean diameter of ~68 nm. After SnOx
coating, the hydrodynamic size of ZnO–SnOx increased significantly, and the size distri-
bution became broader; for ZnO–SnOx (5 mM), the size varied from 30 nm to 700 nm
(mean diameter ~230 nm) and ZnO–SnOx (10 mM) 30–740 nm (mean diameter ~250 nm).
The increase in hydrodynamic size for core–shell nanoparticles was due to particle ag-
glomeration, as there was no capping agent on the SnOx layer. This is also reflected in
the zeta potential results for ZnO and ZnO–SnOx nanoparticles. As shown in Table 1, the
ZnO nanoparticles gave a zeta potential of about 42.54 mV in the presence of the surface
ligand of (3-aminopropyl)trimethoxysilane (APTMS), which indicates its high colloidal
stability [33]. In the cases of the ZnO–SnOx (5 mM) and ZnO–SnOx (10 mM) particles,
the zeta potential values decreased to 14.48 mV and 7.20 mV, respectively, due to the lack
of a surface functional group on the SnOx coating. Therefore, the colloidal stability was
lowered, and agglomeration of nanoparticles occurred.

Table 1. Hydrodynamic particle diameter and zeta potential values of core–shell nanoparticles.

Particles Diameter (nm) Zeta Potential (mV)

Bare ZnO 68.4 ± 0.6 42.54 ± 0.27
ZnO–SnOx (5 mM) 230.6 ± 1.8 14.48 ± 0.34
ZnO–SnOx (10 mM) 250.3 ± 0.9 7.20 ± 0.14

2.1.3. Spectroscopic Analysis

The UV–Vis absorption spectrum of ZnO nanoparticles shows a sharp absorption
edge at 362 nm, which can be assigned to the intrinsic band gap absorption of ZnO caused
by electron transitions from the valence band to the conduction band (Figure 2a) [34].
For SnOx-coated ZnO using two different concentrations of precursor, i.e., 5 mM and
10 mM SnCl2·2H2O, slight blue shifts of the absorption band to 366 nm for ZnO–SnOx
(5 mM) and to 370 nm for ZnO–SnOx (10 mM) were observed. This could be attributed
to the strong electronic coupling between ZnO and SnOx [35]. Since the light absorbance
property is directly related to the bandgap of the material [36], the bandgaps of the ZnO
and ZnO–SnOx nanoparticles were calculated from the Tauc plot of (αhν)2 versus photo
energy (hν) in Figure 2b, as all the materials in this core–shell structure are direct bandgap
semiconductors [37]. As shown in Figure 2b, the bandgap of the photocatalysts was slightly
reduced, from 3.27 eV for ZnO to 3.1 eV after coating SnOx onto ZnO.

The photoluminescence (PL) spectra of the samples were measured to assess the
transfer, separation, and recombination behavior of photo-generated electron and hole
pairs (Figure 2c). In general, a lower PL intensity causes reduced exciton recombination,
leading to a higher photocatalytic activity [38,39]. In the case of ZnO–SnOx core–shell
nanoparticles, the intensity of the PL spectrum was significantly quenched compared to
the ZnO nanoparticles. Three emission peaks were found after deconvolution with the
corresponding Gaussian fitting (Figure 2d), i.e., a near-band-edge UV emission (curve 1)
and a broad defect-related visible emission (curves 2 and 3).

2.2. Enhancement in Chemical Stability of ZnO–SnOx Core–Shell Nanoparticles

The chemical resistance of the core–shell ZnO–SnOx and ZnO nanoparticles was tested
in acidic solution, at pH 6.0 and 3.0. The dissolution of ZnO is presented in percentage of
released Zn2+ ions from the total amount of zinc in commercial ZnO, ZnO–SnOx (5 mM),
and ZnO–SnOx (10 mM) nanoparticles at pH 6.0 and 3.0, and this is summarized in Figure 3.
At pH 6.0, it was found that the dissolution of ZnO particles after 1 h was about 2.5%,
which is higher than that of the core–shell nanoparticles, i.e., 1.1% for ZnO–SnOx (5 mM)
and only 0.2% for ZnO–SnOx (10 mM). However, at pH 3.0, the dissolution after 1 h was
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43%, 33% and 29%, respectively, for the three nanomaterials. After 2 h, the dissolution
of zinc at both pH 6.0 and 3.0 almost reached the maximum. At pH 6.0, the dissolution
of zinc was about 3.7%, 1.6% and 0.4% for the ZnO, ZnO–SnOx (5 mM), and ZnO–SnOx
(10 mM) nanoparticles, respectively. At pH 3.0, the dissolution was 50% for ZnO and 40%
for ZnO–SnOx. Tin oxide (SnO2) is known for the advantages of having high stability in
acidic and basic solutions and in oxidizing environments at higher temperatures [40]. Our
results show that, although it was more chemically resistant, the SnOx coating in this work
had amorphous nature, and therefore acid diffusion was stronger at a lower pH, and the
dissolution of the ZnO was higher. However, compared to the non-coated nanoparticles,
the resistance of ZnO nanoparticles with a SnOx coating to acidity was enhanced.

Figure 2. (a) UV–visible absorbance, (b) Tauc plot, (c) PL spectra of ZnO and ZnO–SnOx core–shell nanoparticles, and
(d) Gaussian fitting curves (1, 2, and 3) represent the deconvolution result of the PL spectrum of the ZnO/SnOx (5 mM) sample.

2.3. Physical–Chemical Properties of Hybrid Nanocomposite Coatings
2.3.1. Crosslinking of Chitosan with GA

The FTIR spectra of chitosan and chitosan nanocomposites, both non-crosslinked and
crosslinked, are shown in Figure 4. For the chitosan coating (curve a), the characteristic
band centered at 3435 cm−1 can be attributed to the O-H stretching vibration, while the
bands centered at 3363 and 3288 cm−1 originated from the absorption of N-H stretching
vibrations originating from the non-acetylated 2-aminoglucose primary amine (-NH2) in the
chitosan chain. The absorption at 2918 and 2873 cm−1 corresponds to the axial stretching
vibration of C-H bonds in the CH3 group at the end of the chitosan chain. The absorption
bands centered at 1643, 1555, and 1420 cm−1 can be assigned to the stretching vibration
of C = O (amide I), the bending vibration of N-H (amide II), and the stretching vibration
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of C-N (amide III) in the amide group of the residual N-acetyl side group, respectively.
Additionally, the band centered at 1588 cm−1 is from the bending vibration of the primary
amine (-NH2) from chitosan. Some other functional moieties in the polysaccharide ring or
the end group of chitosan also exhibit characteristic absorption bands, such as the band
centered at 1150 cm−1 for the asymmetric stretching vibration of C-O-C, and at 1078 and
1030 cm−1 for the stretching vibration of C-OH groups at the C3 and C5 positions in the
polysaccharide ring of chitosan. Upon loading the nanoparticles of ZnO (curve b and c)
or ZnO–SnOx (curve d and e), the bands of O-H and N-H stretching vibration shifted
towards lower frequencies (ranging from 3370 to 3155 cm−1) compared to chitosan. It was
also observed that the vibration of the amide group is much compressed. The bending
vibration of primary amine (-NH2) shifted to a lower frequency at around 1557 cm−1,
which implies an interaction between nanoparticles and the chitosan chain. For crosslinked
chitosan–nanoparticles composites, a small increase in intensity at 1660 cm−1 manifests in
curves c and e, suggesting a newly formed imine group (C=N) in the Schiff base after the
crosslinking of chitosan.

Figure 3. Released zinc ions from ZnO and ZnO–SnOx core–shell nanoparticles at pH 6.0 and pH 3.0
with the lapse of time of 6 h.

2.3.2. Thermal Stability

The thermal stability values of the nanocomposites (crosslinked and non-crosslinked)
are presented in Figure 5. A three-step weight loss can be observed for all the samples.
The first weight loss occurred at temperatures below 100 ◦C, attributed to moisture loss
(5–9%). The second weight loss step, between 140 ◦C and 220 ◦C, occurred due to the loss of
crystalline/trapped water and the initial decomposition of chitosan (8–11%), whereas the
third and major weight loss of 25–40%, in the temperature range of 220–300 ◦C, was mainly
due to the decomposition of the functional group and the polymer backbone. For thermal
treatments higher than 300 ◦C, a much slower rate of weight loss was observed, which
corresponds to the continuation of decomposition and the carbonization of the polymer.
From the thermogravimetric analysis, it is clear that the thermal stability of the developed
nanocomposites was improved upon loading with ZnO nanoparticles. Similar trends were
reported in previous studies [41]. A further enhancement of thermal stability was achieved
upon crosslinking chitosan with GA, whereby the weight loss decreased from 28% for
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chitosan–ZnO to 14% for chitosan–ZnO–GA at 250 ◦C. Among all the compositions, GA-
crosslinked chitosan containing ZnO–SnOx (5 mM) core–shell nanoparticles had the highest
thermal stability. Thus, the crosslinking of chitosan and the incorporation of ZnO–SnOx
(5 mM) core–shell nanoparticles could lead to an improvement in the thermal stability
of chitosan films/coatings. Additionally, the moisture loss in GA crosslinked chitosan
nanocomposites was lower (3–4%) than that in chitosan coatings (7–9%), indicating a ca.
50% improvement in water uptake with crosslinking [12].

Figure 4. FTIR spectra of (a) chitosan, and chitosan nanocomposites of (b) chitosan/ZnO,
(c) CH/ZnO/GA, (d) CH/ZnO–SnOx, and (e) CH/ZnO–SnOx/GA.

Figure 5. TGA curves of the prepared chitosan and chitosan nanocomposite coatings.
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2.4. Effect of Crosslinking of Chitosan and Incorporation of Nanoparticles on Water Uptake

The water contact angle (WCA) reflects the relative hydrophobicity or hydrophilicity
of a surface and corresponds to its wettability. A higher contact angle indicates lower
wettability, and vice versa. The values of the WCA and swelling ratio of the chitosan and
crosslinked chitosan coatings are listed in Table 2. The WCA of the glass surface without
coating was about 32.6◦, whereas the WCA of chitosan- (CH 1%) and crosslinked chitosan-
(CH 1%/GA 2.5%) coated glass surfaces increased to 55.5◦ and 62.5◦, respectively.

Table 2. Water contact angle (WCA) and water uptake values of chitosan and crosslinked
chitosan coatings.

Sample WCA (Degree) Swelling Ratio (%) 1

Glass slides without coating (blank) 32.6 ± 0.7 0
CH (1%) 55.5 ± 1.3 0.56 ± 0.28

CH (1%)/GA (2.5%) 62.5 ± 0.8 0.22 ± 0.06
1 Values are given as means ± standard deviation (n = 5).

The WCA of chitosan–ZnO increased to 57.9◦, 64.5◦, and 75.5◦ with ZnO incorporation
from 1% to 10%, and the swelling ratio was correspondingly reduced (see Table S1 in
Supplementary Materials). Increased amounts of ZnO nanoparticles lead to a reduction
in the tendency of the coating to absorb water, and thus WCA increases [12,17]. A similar
trend was also observed for chitosan–ZnO–SnOx (5 mM) samples, and the swelling ratios
were similar to those for chitosan coatings containing ZnO nanoparticles. In the case of
GA-crosslinked chitosan–ZnO and chitosan–ZnO–SnOx (5 mM) coatings, the WCA values
were higher than those of their counterparts without GA crosslinking, and the values of
WCA also increased with the increasing percentage of involved nanoparticles.

2.5. Photocatalytic Performance of ZnO–SnOx Core–Shell Nanoparticles under Visible
Light Irradiation

Methylene blue (MB), a redox-active agent, has a tendency to accept electrons upon
being exposed to a reducing agent, and be degraded into its reduced form, leucomethylene
blue (LMB), a colorless compound [42,43]. Taking advantage of this feature, the photocat-
alytic effects of ZnO–SnOx were evaluated through the photodegradation of MB in contact
with photocatalysts. Figure 6 presents the degradation kinetics (Ct/C0) of MB, wherein the
concentration of remaining MB at different light irradiation times was calculated based
on the optical absorbance. It was found that around 40% MB was degraded under visible
light irradiation after 8 h without any photocatalysts (photolysis). In the presence of ZnO
nanoparticles, the degradation of MB increased to 58%. Compared to ZnO, ZnO–SnOx
(5 mM) core–shell nanoparticles dramatically enhanced the rate of degradation, and 98%
of the MB was degraded. When the coating thickness was increased, as was the case
for ZnO–SnOx (10 mM) core–shell nanoparticles, the rate of MB degradation was lower
than that of ZnO–SnOx (5 mM). There are many studies on chitosan-based semiconductor
photocatalysts, which have shown the ability to immobilize the catalyst in chitosan for the
effective separation and reuse of the catalyst [44]. Chitosan itself is not a photo-absorber
or a semiconductor. Due to the electrostatic or chelating interaction between chitosan and
dye or organic waste, chitosan exhibits a high adsorption capacity. It helps bridge the dye
molecule and photocatalyst [45], but is not directly involved in the photocatalysis process.
Therefore, the use of chitosan in a matrix with a ZnO–SnOx photocatalyst has not been
studied in this work for its photocatalytic properties. However, it can be expected that with
a chitosan matrix, the photocatalytic performance of the ZnO–SnOx nanoparticles will be
slightly hampered due to the loss of surface area for contacting the MB.
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Figure 6. Degradation kinetics of methylene blue (MB) dye (20 µM aqueous solution) mixed with
ZnO, ZnO–SnOx (5 mM) and ZnO–SnOx (10 mM) nanoparticles under visible light irradiation, where
C0 and Ct are the concentrations at the beginning and at a certain time of irradiation, respectively.

2.6. Antifouling Activity of Chitosan Nanocomposite Coatings

After 4 days in the dark, well-developed biofilms dominated by diatoms (Bacillario-
phyceae) were formed on the surfaces of all tested coatings. The most common diatom
genera found in these biofilms were Navicula, Cocconeis, and Amphora. Previous stud-
ies have suggested that these genera of diatoms were frequently found on antifouling
coatings [46,47]. Since no apparent differences (ANOVA, HSD, p > 0.05) were exhibited
between the densities of the diatoms on the tested coatings in the dark (Figure 7a), we can
assume that neither the physical properties (such as WCA) nor the chemical compositions
of different coatings affect the antifouling performance of coatings in the dark.

Figure 7. The average densities of diatoms on the tested nanocomposite coatings under (a) dark conditions and (b) light
conditions. The data are presented as the average number (n = 3) of diatoms per cm2 plus standard deviation. Significant
differences between means according to the Tukey’s test (p < 0.05) are indicated by different letters above the bars. Different
superscript letters represent the multiple comparison results, that differs significantly (i.e., A is significantly higher than the
others; D is significantly lower than the others). The superscript of AB or BC indicated that the results are not significantly
different from A, B or C.
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Under natural light, Navicula was the most common genera of diatoms found on all
the tested coatings. The densities of these diatoms were around five times higher than
those from the experiments carried out in the dark (Figure 7b). Meanwhile, significant
differences (ANOVA, HSD, p < 0.05) were found between the densities of diatoms on
different nanocomposite coatings, which is different to the results from the dark experiment.
The lowest densities of diatoms were observed on the CH (1%)/ZnO (10%) coating.

3. Discussion

The light absorption characteristics of a photocatalyst are among the most critical
properties determining its photocatalytic activity. The observed reduction in bandgap
in Figure 2b for ZnO–SnOx compared to ZnO can be correlated to the rich donor de-
fects providing additional deep donor levels between the valence and the conduction
band [36,48]. The deconvoluted PL spectrum of ZnO–SnOx in Figure 2d exhibits three
peaks. The emission at around 390 nm is from the near-band-edge transition of ZnO [38,49].
In addition, the emission of surface-localized excitons on the SnOx shell layer is also in
this wavelength range [27]. The visible emissions at 425 nm and 460 nm are thought to
arise from defect-related states such as oxygen vacancies generated during the formation
of ZnO nanoparticles [50].

A schematic diagram representing the charge–transfer processes for ZnO–SnOx is
illustrated in Figure 8. For ZnO–SnOx heterojunction nanoparticles, the photogeneration of
electron–hole pairs and their recombination define the photoactivity [51]. Both ZnO and
SnOx are n-type semiconductors, and SnOx is a better electron acceptor than ZnO because
the conduction band potential of SnOx is more positive than that of ZnO. By coupling
a larger-bandgap material (amorphous tin oxide bandgap: 3.6 eV) to a smaller-bandgap
semiconductor (ZnO bandgap: 3.3 eV), a type-II heterostructure is formed. Following
the photo-generation of electron–hole pairs, the electrons can move from the conduction
band (CB) of ZnO to the CB of SnOx, and the holes can move from the valence band
(VB) of SnOx to the VB of ZnO. Attributed to the transparency of the thin layer coating
of SnOx, visible light can reach ZnO nanoparticles easily (Figure 8), and electrons can
be activated by light illumination (shown in Figure 2c). Coupling a SnOx coating with a
ZnO core could promote the charge transfer efficiency and the spatial separation of the
photogenerated carriers. Thus, the ZnO–SnOx core–shell nanoparticles are expected to
show better photocatalytic efficiency than the ZnO nanoparticles [52], as well as a higher
chemical stability, as previously shown in Section 2.2.

Figure 8. Schematic diagram of the photocatalytic mechanism of the ZnO–SnOx core–shell structure
under visible light irradiation, where the values of the lowest conduction band (CB) and the highest
valence band (VB) of ZnO and SnOx are relevant to the Fermi energy (Ef).
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The FTIR analysis indicates that upon loading ZnO or ZnO–SnOx onto chitosan, the
stretching vibration of O-H and N-H shifts to a lower frequency. This could be due to the
formation of intermolecular hydrogen bonds between the nanoparticles and chitosan.

In the WCA study, the chitosan coating showed higher hydrophobicity than the surface
of the microscope glass slide, where silanol groups (Si-OH) are present at a high density,
which was also found in previous work [53]. This is associated to the hydrophobic acetyl
groups and unprotonated amine groups present in the chitosan chain. The wettability of
the chitosan coating is decreased upon crosslinking due to the increase in hydrophobicity of
the coating, which was confirmed by the reduction in the swelling ratio, i.e., water uptake,
of the coatings from 0.56% to 0.22%. This is attributed to the reduction in the number of
amine groups and the increased cohesiveness of the surface following the crosslinking of
chitosan [54–56]. This also applies to the crosslinked chitosan–nanoparticles composite,
wherein some of the amine groups crosslinked with the aldehyde groups of GA to form
azomethine units, leading to a lower number of available amino groups in chitosan for
hydrogen bonding with water, and thus the WCA increased.

The enhanced degradation kinetics of MB using ZnO–SnOx (5 mM) compared to
ZnO could be attributed to the efficient electron transfer taking place in the ZnO–SnOx
photocatalyst, as discussed earlier. When the coating thickness of SnOx was increased,
decreased degradation kinetics were observed for ZnO–SnOx (10 mM). This might be due
to the higher amount of available surface defects in the case of ZnO–SnOx (5 mM) with a
very thin SnOx coating compared to ZnO–SnOx (10 mM) with a thick SnOx coating.

In the current study, the lowest densities of diatoms were observed on the CH
(1%)/ZnO (10%) coating. This result is similar to that in our previous study, wherein
we demonstrated that a chitosan–ZnO nanocomposite coating had high anti-diatom activ-
ity [12], attributed mainly to the reactive oxygen species (ROS) released by ZnO during the
photocatalysis process, and we also determined that the presence of active amine groups is
responsible for the antimicrobial activity of chitosan [7,57]. The antifouling performance
of chitosan nanocomposites crosslinked with the highest ZnO concentrations, i.e., CH
(1%)/ZnO (10%)/GA (2.5%) and CH (1%)/ZnO–SnOx (10%)/GA (2.5%), was as good as
that of the CH (1%)/ZnO (1%) and CH (1%)/ZnO (5%) nanocomposite coatings. This
result indicates that the photocatalytic activity of the greater amount of ZnO or ZnO–SnOx
could compensate for the weakened antifouling property due to crosslinking, and therefore
enhance the antifouling activity of the nanocomposites. Although the antifouling activity
of CH (1%)/ZnO–SnOx (10%)/GA (2.5%) was slightly lower than that of the CH (1%)/ZnO
(10%) nanocomposite coating, considering its enhanced thermal and chemical stability and
lower water uptake, the active life of the CH (1%)/ZnO–SnOx (10%)/GA (2.5%) coating is
expected to be much extended.

4. Materials and Methods
4.1. Materials

Chitosan with a molecular weight of 100–300 kDa was obtained from Acros Organics,
USA. Aqueous suspensions of ZnO nanoparticles (50 wt.% in H2O, <100 nm sizes), glacial
acetic acid, tin(II) chloride dehydrate (SnCl2·2H2O), glutaraldehyde (Grade II, 50 wt.% in
H2O) and MB solution (0.05 wt.% in H2O) were purchased from Sigma-Aldrich, St. Louis,
MO, USA.

4.2. Hydrothermal Synthesis and Characterization of ZnO–SnOx Core–Shell Nanoparticles

ZnO–SnOx core–shell nanoparticles were synthesized by a hydrothermal process
modified from the method reported by Wang et al. [35]. Typically, 0.568 mL of commercial
ZnO colloidal nano-suspension (50 wt.%) is gradually mixed with 80 mL ethanol solution
containing 0.090 g (5 mM) of SnCl2·2H2O. The solution is then transferred into a 100 mL
Teflon-lined autoclave and the hydrothermal process is performed at 120 ◦C for 16 h. The
obtained white precipitate is washed several times with de-ionized water, dried at 70 ◦C
for 5 h, and then calcined for 1.5 h to obtain a white powder of ZnO–SnOx core–shell
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nanostructures. The calcination of ZnO is carried out at 250 ◦C to generate the highest
amount of surface defects, as shown in one of our previous studies [38]. For comparison,
twice the amount of SnCl2·2H2O, i.e., 10 mM, is used to synthesize the ZnO–SnOx core–shell
nanostructures. Finally, both the obtained samples of ZnO–SnOx (5 mM) and ZnO–SnOx
(10 mM) are stored in an airtight glass container under ambient conditions for further
analysis and use.

The particle size distribution and surface charge of the prepared core–shell nanopar-
ticles were determined via dynamic light scattering and zeta potential measurements
using Delsa Nano C (Beckman Coulter Inc., Brea, CA, USA). The photoluminescence (PL)
and optical absorption spectra were recorded using a fluorescence spectrometer (LS 55,
PerkinElmer Inc., Waltham, MA, USA) and UV–visible–NIR spectrometer (Lambda-750,
PerkinElmer Inc., Waltham, MA, USA), respectively. The morphology of the particles was
further characterized via transmission electron microscopy (TEM, JEM-2100F, JEOL Ltd.,
Akishima, Tokyo, Japan).

4.3. Chemical Stability Study of ZnO–SnOx Core–Shell Nanoparticles

The chemical stability of the ZnO and ZnO–SnOx (5 mM and 10 mM) core–shell
nanoparticles was investigated in acidic conditions at pH 3 and 6. For this process, 10 mL
of an aqueous suspension of the aforementioned nanoparticles (1 mg/mL) was adjusted to
pH 3 or 6 using hydrochloric acid (HCl) and transferred into dialysis bags, which were then
placed into a glass beaker containing 1 L of de-ionized water with corresponding pH values
for dialysis under magnetic stirring. At a regular interval of 5 min, aliquots of 5 mL of the
solution were collected from the glass beaker, and the concentration of leached Zn ions
was measured using ICP-OES (inductively coupled plasma–optical emission spectrometry,
iCAP 6000 series, Thermo Fisher Scientific Inc., Waltham, MA, USA).

4.4. Photocatalytic Performance of ZnO–SnOx Core–Shell Nanoparticles

The photocatalytic efficiencies of ZnO and the synthesized ZnO–SnOx core–shell
nanoparticles were examined by studying the degradation of MB under visible light
irradiation. In a typical experiment, 3 mg (1 mg/mL) of each type of photocatalyst (ZnO,
ZnO–SnOx (5 mM) and ZnO–SnOx (10 mM)) was mixed separately with 30 mL of an
aqueous solution of MB (20 µM). A control sample containing only MB (30 mL, 20 µM)
was also prepared. All the samples were stirred under dark conditions for 45 min to ensure
adsorption and desorption equilibrium prior to the photocatalytic degradation experiments.
The photocatalytic degradation of MB was carried out under visible light using a solar
simulator (150 W dichroic halogen lamps, Hugo Brennenstuhl GmbH & Co., Tübingen,
Germany) from a distance of 10 cm, and it lasted for 8 h. At different time intervals—for
example, every 5 or 10 min in the first hour and every hour afterwards—2 mL of aliquots
were taken from each sample and centrifuged to remove the particles. The absorbance of the
supernatant was measured using a UV–Vis spectrophotometer (Lambda-750, PerkinElmer
Inc., Waltham, MA, USA). Accordingly, the concentration of MB that remained in the
supernatant was then calculated from the calibration curve of MB, obtained from a UV–Vis
measurement of the diluted samples.

4.5. Fabrication of Chitosan Nanocomposite Coatings

Firstly, 1% (w/v) of chitosan solution was prepared by dissolving chitosan powder in
1% (v/v) acetic acid. Then, 1, 5 or 10 wt.% (w.r.t. weight of chitosan) of ZnO or ZnO–SnOx
(5 mM) nanoparticles was mixed with the chitosan solution under continuous stirring.
The obtained chitosan nanocomposite samples were named CH (1%)/ZnO (1/5/10%) or
CH (1%)/ZnO–SnOx (1/5/10%), respectively. To decrease water uptake and wettability,
glutaraldehyde (GA) was used as a crosslinking agent for the chitosan nanocomposites.
Specifically, chitosan samples mixed with ZnO or ZnO–SnOx (5 mM) nanoparticles were
mixed with 2.5% (w.r.t. weight of chitosan) of GA and stirred slowly for 6 h for proper
crosslinking. The obtained samples were named CH (1%)/ZnO (1/5/10%)/GA (2.5%) or
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CH (1%)/ZnO–SnOx (1/5/10%)/GA (2.5%), respectively. Two control samples, chitosan
and chitosan crosslinked with GA without nanoparticles, were also prepared.

4.6. Preparation of Substrates for the Mesocosm Experiment

Glass slides (25 × 75 × 1 mm) were used as a substrate for the coatings. Prior to
the experiment, glass slides were cleaned using ethanol in a sonication bath for 15 min,
and then washed with DI water and dried. The dry glass slides were dipped in an
ethanol solution containing 3 mL of 3-(triethoxysilyl)propylsuccinic anhydride (TESPS;
abcr GmbH, Germany), which was then heated until reflux for 6 h followed by drying at
room temperature. The glass slides were then uniformly spray-coated with the synthesized
chitosan nanocomposite solution and allowed to dry overnight at room temperature (25 ◦C).
Each glass slide was spray-coated for 8 cycles to obtain the appropriate thickness of coating.
Glass slides coated with chitosan and chitosan crosslinked with GA were also prepared
similarly, and used as controls.

4.7. Characterization of Nanocomposite Coating

Surface analysis of the functional groups of the chitosan nanocomposite coatings was
performed by Fourier transform infrared spectroscopy (FTIR) (Nicolet iS10, Thermo Fisher
Scientific Inc., Waltham, MA, USA) in the range of 4000–600 cm−1. Thermo-gravimetric
analyses (TGA) of the nanocomposite samples were carried out in a TGA analyzer (Q500,
TA instruments, USA) at a heating rate of 10 ◦C min−1 over the temperature range
20–700 ◦C in a nitrogen atmosphere. To determine the hydrophilicity/hydrophobicity
of the nanocomposite coatings, the surface water contact angle (WCA) was determined
using a contact angle goniometer (Ossila Ltd., Sheffield, UK), and the WCA was measured
at 4–5 different positions on a coated glass slide with different coating compositions. The
water uptake property or swelling of the coatings was determined gravimetrically follow-
ing a previously reported protocol with minor modifications [56]. Specifically, coated glass
slides were dried in an oven at 60 ◦C for 24 h to obtain the initial dry weight (denoted as
W1). The dried slides were then placed in 60 mL DI water at 30 ◦C for 48 h under constant
agitation for water uptake. The weight of the samples was again measured (wet weight,
W2) immediately after the excess water was removed by adsorption using Whatman No. 1
filter paper. The percentage of water uptake (swelling) of the coatings was calculated using
Equation (1):

% Water uptake value (Wu) = [(W2−W1)/W1] × 100% (1)

where W1 and W2 are the weights of the samples in the dry and swollen states, respectively.

4.8. Antifouling Activity of Nanocomposite Coatings

The antifouling activities of various chitosan–nanocomposite coatings on glass slides
were tested in a mesocosm experiment at the Universidad Catolica del Norte (Coquimbo,
Chile). The experiment was conducted in an outdoor 2000 L tank with a flow-through system
under light and dark conditions, respectively (Supplementary Materials, Figures S1 and S2).
The tank was fed with seawater obtained from La Herradura Bay (29◦58′S 71◦22′ W)
and the water flow was 2 L min−1. The temperature of seawater was 13.5 ◦C and the
salinity was 32 ppt. Three independent replicates for each coating were used. The sub-
strates were exposed to biofouling horizontally in a basket at the depth of 5 cm (Figure S1).
Two sets of experiments were conducted, one under sunlight (photosynthetically active
radiation (pAR) at 400–700 nm with the photosynthetic photon flux density (PPFD) of
1000–1031 µmol m−2 s−1; UV 35–40 Wm−2) and another one in the dark (PAR and UV: 0,
Figure S2). After 4 days of exposure, the substrates were collected. The densities of the
diatoms on the coatings were counted using a compound light microscope (Zeiss, Germany)
under the magnification of 400x, as described in previous reports [58]. The total abundance
of diatoms was expressed as the average number of cells per mm2. The differences in the
densities of diatoms on different nanocomposite coatings were compared using analysis of
variance (ANOVA) followed by the Tukey’s honest significant difference (HSD) test. Prior
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to ANOVA, the normality of the data was verified by the Shapiro–Wilk test. The densities
that were significantly different from each other had a threshold of 5%.

5. Conclusions

We developed a biopolymer nanocomposite antifouling coating based on a chitosan–
ZnO–SnOx nanocomposite. In the preparation of the chitosan nanocomposite, the chemical
stability of the photocatalyst ZnO is enhanced by coating a layer of amorphous SnOx
shell onto ZnO, which will ensure the long-term application of the photocatalyst. The
incorporation of ZnO–SnOx and the crosslinking of chitosan reduced the water uptake
of the coatings, and thus the hydrophobicity and swelling properties were improved.
The thermal stability was also enhanced owing to the embedding of the nanoparticle,
suggesting the increased mechanical strength of the coating, which is beneficial for the
application. With improved chemical and thermal stability, as well as hydrophobicity, the
feasibility of applying chitosan–ZnO–SnOx nanocomposite coatings for the prevention of
marine biofouling has been demonstrated. It has been found that the fouling of the diatom
Navicula was significantly reduced compared to the uncoated control or chitosan coating
samples. Thus, the chitosan matrix with chemically resistant ZnO–SnOx nanoparticles,
used as a coating, represents a promising strategy for preventing marine biofouling.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/ijms22094513/s1, Table S1: WCA and swelling ratio of chitosan nanocomposite coatings, Figure S1:
A mesocosm under light conditions, Figure S2: A mesocosm experiment under dark conditions.

Author Contributions: Conceptualization, J.D.; methodology, J.D., S.D.; formal analysis, S.K., F.Y.,
B.M., S.D.; investigation, S.K., F.Y., S.D.; writing—original draft preparation, S.K., F.Y., S.D.; writing—
review and editing, F.Y., J.D.; supervision, J.D.; funding acquisition, S.K., S.D., J.D. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Department of Biotechnology (DBT), Government of India,
through “Biotechnology Overseas Associateship Award for NER Scientists”, sanction letter vide no.
BT/20/NE/2011; Omantel, grant number EG/SQU-OT/20/01, and CONICYT, Chile; The Swedish
Research Council for Environment, Agricultural Sciences and Spatial Planning (FORMAS), Diary
number 2020-02635.

Institutional Review Board Statement: The study did not require ethical approval.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to confidentiality issues.

Acknowledgments: Dobretsov, S. would like to thank Fadia Tala who provided facilities at the
Universidad Catolyca del Norte for antifouling testing.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wahl, M. Marine epibiosis. I. Fouling and antifouling: Some basic aspects. Mar. Ecol. Prog. Ser. 1989, 58, 175–189. [CrossRef]
2. Schultz, M.P.; Bendick, J.A.; Holm, E.R.; Hertel, W.M. Economic impact of biofouling on a naval surface ship. Biofouling 2010, 27,

87–98. [CrossRef]
3. Yebra, D.M.; Kiil, S.; Dam-Johansen, K. Antifouling technology—Past, present and future steps towards efficient and environmen-

tally friendly antifouling coatings. Prog. Org. Coat. 2004, 50, 75–104. [CrossRef]
4. Sonak, S.; Pangam, P.; Giriyan, A.; Hawaldar, K. Implications of the ban on organotins for protection of global coastal and marine

ecology. J. Environ. Manag. 2009, 90, S96–S108. [CrossRef] [PubMed]
5. Dobretsov, S.; Thomason, J.C. The development of marine biofilms on two commercial non-biocidal coatings: A comparison

between silicone and fluoropolymer technologies. Biofouling 2011, 27, 869–880. [CrossRef] [PubMed]
6. Sokolova, A.; Cilz, N.; Daniels, J.; Stafslien, S.J.; Brewer, L.H.; Wendt, D.E.; Bright, F.V.; Detty, M.R. A comparison of the

antifouling/foul-release characteristics of non-biocidal xerogel and commercial coatings toward micro- and macrofouling
organisms. Biofouling 2012, 28, 511–523. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms22094513/s1
https://www.mdpi.com/article/10.3390/ijms22094513/s1
http://doi.org/10.3354/meps058175
http://doi.org/10.1080/08927014.2010.542809
http://doi.org/10.1016/j.porgcoat.2003.06.001
http://doi.org/10.1016/j.jenvman.2008.08.017
http://www.ncbi.nlm.nih.gov/pubmed/18977581
http://doi.org/10.1080/08927014.2011.607233
http://www.ncbi.nlm.nih.gov/pubmed/21864210
http://doi.org/10.1080/08927014.2012.690197
http://www.ncbi.nlm.nih.gov/pubmed/22616756


Int. J. Mol. Sci. 2021, 22, 4513 15 of 16

7. Kumar, S.; Ye, F.; Dobretsov, S.; Dutta, J. Chitosan nanocomposite coatings for food, paints, and water treatment applications.
Appl. Sci. 2019, 9, 2409. [CrossRef]

8. Kong, M.; Chen, X.G.; Xing, K.; Park, H.J. Antimicrobial properties of chitosan and mode of action: A state of the art review. Int. J.
Food Microbiol. 2010, 144, 51–63. [CrossRef]

9. Kumar, S.; Mudai, A.; Roy, B.; Basumatary, I.B.; Mukherjee, A.; Dutta, J. Biodegradable hybrid nanocomposite of chitosan/gelatin
and green synthesized zinc oxide nanoparticles for food packaging. Foods 2020, 9, 1143. [CrossRef]

10. Kumar, S.; Shukla, A.; Baul, P.P.; Mitra, A.; Halder, D. Biodegradable hybrid nanocomposites of chitosan/gelatin and silver
nanoparticles for active food packaging applications. Food Packag. Shelf Life 2018, 16, 178–184. [CrossRef]

11. Neto, C.G.T.; Giacometti, J.A.; Job, A.E.; Ferreira, F.C.; Fonseca, J.L.C.; Pereira, M.R. Thermal analysis of chitosan based networks.
Carbohyd. Polym. 2005, 62, 97–103. [CrossRef]

12. Al-Naamani, L.; Dobretsov, S.; Dutta, J.; Burgess, J.G. Chitosan-zinc oxide nanocomposite coatings for the prevention of marine
biofouling. Chemosphere 2017, 168, 408–417. [CrossRef]

13. Al-Fori, M.; Dobretsov, S.; Myint, M.T.Z.; Dutta, J. Antifouling properties of zinc oxide nanorod coatings. Biofouling 2014, 30,
871–882. [CrossRef]

14. Kumar, S.; Boro, J.C.; Ray, D.; Mukherjee, A.; Dutta, J. Bionanocomposite films of agar incorporated with ZnO nanoparticles as an
active packaging material for shelf life extension of green grape. Heliyon 2019, 5, e01867. [CrossRef] [PubMed]

15. Arrieta, M.P.; Peponi, L.; López, D.; López, J.; Kenny, J.M. Chapter 12—An overview of nanoparticles role in the improvement of
barrier properties of bioplastics for food packaging applications. In Food Packaging; Grumezescu, A.M., Ed.; Academic Press:
Cambridge, MA, USA, 2017; pp. 391–424.

16. Li, L.-H.; Deng, J.-C.; Deng, H.-R.; Liu, Z.-L.; Xin, L. Synthesis and characterization of chitosan/ZnO nanoparticle composite
membranes. Carbohyd. Res. 2010, 345, 994–998. [CrossRef] [PubMed]

17. Al-Naamani, L.; Dobretsov, S.; Dutta, J. Chitosan-zinc oxide nanoparticle composite coating for active food packaging applications.
Innov. Food Sci. Emerg. Technol. 2016, 38, 231–237. [CrossRef]

18. Jayasuriya, A.C.; Aryaei, A.; Jayatissa, A.H. ZnO nanoparticles induced effects on nanomechanical behavior and cell viability of
chitosan films. Mater. Sci. Eng. C 2013, 33, 3688–3696. [CrossRef]

19. Girigoswami, K.; Viswanathan, M.; Murugesan, R.; Girigoswami, A. Studies on polymer-coated zinc oxide nanoparticles:
UV-blocking efficacy and in vivo toxicity. Mater. Sci. Eng. C 2015, 56, 501–510. [CrossRef] [PubMed]

20. Karbowniczek, J.; Cordero-Arias, L.; Virtanen, S.; Misra, S.K.; Valsami-Jones, E.; Tuchscherr, L.; Rutkowski, B.; Górecki, K.;
Bała, P.; Czyrska-Filemonowicz, A.; et al. Electrophoretic deposition of organic/inorganic composite coatings containing ZnO
nanoparticles exhibiting antibacterial properties. Mater. Sci. Eng. C 2017, 77, 780–789. [CrossRef]

21. Naskar, A.; Khan, H.; Sarkar, R.; Kumar, S.; Halder, D.; Jana, S. Anti-biofilm activity and food packaging application of room
temperature solution process based polyethylene glycol capped Ag-ZnO-graphene nanocomposite. Mater. Sci. Eng. C 2018, 91,
743–753. [CrossRef]

22. Bian, S.-W.; Mudunkotuwa, I.A.; Rupasinghe, T.; Grassian, V.H. Aggregation and dissolution of 4 nm ZnO nanoparticles in
aqueous environments: Influence of pH, ionic strength, size, and adsorption of humic acid. Langmuir 2011, 27, 6059–6068.
[CrossRef]

23. Wang, Q.Z.; Chen, X.G.; Liu, N.; Wang, S.X.; Liu, C.S.; Meng, X.H.; Liu, C.G. Protonation constants of chitosan with different
molecular weightand degree of deacetylation. Carbohyd. Polym. 2006, 65, 194–201. [CrossRef]
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