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ABSTRACT: A waterborne, UV-blocking, and visually trans-
parent nanocomposite coating was formulated with ZnO
nanoparticles and 2-hydroxyethyl cellulose (HEC). The
coating is highly effective (<5% UV and ∼65% visible
transmittance), and the film thickness (0.2−2.5 μm) is
∼100 times thinner than the conventional coatings of similar
UV-blocking performance. The superior properties are due to
the fractal structures of ZnO nanoparticles assembled within
the HEC matrix, revealed by scanning electron microscopy and small-angle X-ray scattering (SAXS). Changing the binder to 2-
hydroxyethyl starch (HES) diminishes the UV-blocking performance, as ZnO nanoparticles form dense globular aggregates,
with an aggregation number measured by SAXS 3 orders of magnitude larger than the HEC coating. Since HEC and HES share
the same repeating glucose unit in the polymer backbone, it suggests that the conformational characteristics of the binder
polymer have a strong influence on the nanoparticle aggregation, which plays a key role in determining the optical performance.
Similar structures were achieved with TiO2 nanoparticles. This study not only offers a cost-effective and readily scalable method
to fabricate transparent UV-blocking coating but also demonstrates that the unique fractal aggregation structures in a
nanocomposite material can provide high performance and functionality without fully dispersing the nanoparticles.
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■ INTRODUCTION

Ultraviolet (UV) protection is critical to human skin health
and material preservation. There are three types of UV
radiation: UVA (320−400 nm), UVB (290−320 nm), and
UVC (290−100 nm). Though UVC is absorbed by the
atmosphere, UVA and UVB radiation reach the earth at 95 and
5% of the total UV radiation, respectively.1 Generally, excessive
exposure to sunlight induces the degradation of organic
materials, loss of mechanical strength, and pigment fading.
Therefore, various industries have a great level of interest in
protective coatings with UV-blocking capability to prevent
photodegradation.2 The same principle can be extended to
food protection. It has been found that UV exposure has
significant impacts on discoloration and flavor defects.3 In
meat packaging, UV protection can help prevent fresh meats
from experiencing myoglobin oxidation, resulting in the color
fade.4 There is also significant interest in utilizing UV
protection for plastic bottles to maintain the taste of dairy or
prevent vitamin degradation of sports drinks or juices.5 In
addition, lipid-rich snacks undergo oxidative rancidity in
transparent bags, and increased UV protection could slow
this process and increase shelf life.6 From cosmetics to food
packaging, oftentimes UV protection and optical transparency

are both desirable. Therefore, significant efforts have been
invested in developing transparent UV-blocking systems using
both organic UV-blocking agents and inorganic nanoparticles.
The most widely studied inorganic nanoparticles are ZnO

and TiO2 due to their inherent absorbing and scattering
properties.7 The optical properties of these particles within
coating films are highly dependent on nanoparticle size,
distribution, and refractive index.8 In addition, these nano-
particles have received a great amount of attention within the
scientific community and industry for their electrical, optical,
catalytic, antibacterial, and thermal properties.9−18 It is
generally believed that nanoparticle dispersity is critical to
the functionality of nanocomposites, including the UV-
blocking capability.19,20 Therefore, the aggregation of nano-
particles may significantly reduce UV-blocking efficiency and
functionality. For example, TiO2 nanoparticles, which trade at
multi-billion-dollar market volumes, are most commonly
applied in coating formulations as an opacifier due to the
high reflective index. Improving the efficiency of TiO2
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nanoparticles is a critical challenge in the coating industry as
the nanoparticles tend to aggregate and lose their scattering
efficiency when coatings dry.21 To thoroughly disperse
nanoparticles, their concentration is usually kept dilute, or
the nanoparticle surface is chemically conjugated with charged
groups or polymers to prevent aggregation.22 For example, an
oil-based emulsion surface was utilized to modify ZnO
nanoparticles and create a transparent, hydrophobic UV
absorbent coating to protect the color and integrity of
textiles.23 ZnO nanoparticles can also be surface modified
with aminopropyl trimethoxy silane for nanoparticle dispersity
in aqueous suspension and reinforcement in phthalonitrile
composites.24 Similarly, ZnO nanoparticles can be capped with
carboxymethyl cellulose for dispersion in starch matrices as a
means of improving hydrophobicity and antimicrobial activity
in food packaging.25 Highly dispersed ZnO nanoparticles have
also been shown in polyvinyl butyral matrices as a glass
coating.26 In addition, different polymers have been tested as
matrices to disperse ZnO nanoparticles, including polyur-
ethane, epoxy, and acrylate systems. All these studies hinge on
the proposition that dispersing ZnO nanoparticles is essential
for nanocomposite to be transparent and block UV radiation
efficiently. One way to prevent aggregation is to build a thick
coating film to space out the nanoparticles. For this reason, the
typical coating thickness reported for an effective UV-blocking
coating using ZnO nanoparticles is usually larger than 50
μm.27−31 However, for many applications, thinner films are
often desired for economic or functional considerations, such
as less material consumption, better flexibility, improved
adhesion, and better crack resistance.
In this paper, we show that high UV-blocking efficacy can be

achieved through control of the ZnO nanoparticle aggregation
without full ZnO dispersion. Furthermore, we demonstrate
that the choice of the binder has a profound impact on the
formation of hierarchically self-assembled structures of nano-
particles in a thin coating film. Two widely used biobased
polymer derivatives were studied here: 2-hydroxyethyl starch
(HES) and 2-hydroxyethyl cellulose (HEC).32,33 Our results
indicate that the delicate conformational differences in the
polymer binders can lead to dramatic differences in the
nanoparticle aggregation patterns and UV-blocking perform-
ance of the thin films. Our discovery is significant for the
fabrication of nanocomposites that require high nanoparticle
concentration. This is especially relevant for applications
within constrained space, such as a thin layer of the coating
film, where aggregations can hardly be avoided.
The study presented here indicates that it is critical to

consider the influence of the polymer binder morphology on
nanoparticle aggregation when designing a nanocomposite
material. In addition, different types of nanoparticles show
similar assembly structures when formulated with HEC and
HES binders, which suggests that the unique structures may
not be specific to nanoparticle surface chemistry. There may be
a universal mechanism that drives the self-assembly of
nanoparticles using the systems described in this work. This
study offers alternative approaches to disperse nanoparticles in
the polymer matrix and may inspire the creation of new
nanocomposite materials for more broad applications.

■ RESULTS AND DISCUSSION
Coating Formulation and UV-Blocking Performance.

Our coating formulation has three key elements: UV-blocking
agent, polymeric binder, and chemical dispersant. A variety of

commercial ZnO nanoparticles were tested as UV-blocking
agents, including predispersed ZnO nanoparticles (∼15 nm)
(Figure S1) and nanopowders (∼50 nm). The unique band
gap of hexagonal wurtzite ZnO promotes UV-blocking in the
UVA range, which has been proven to be the most vital
portion of the spectrum in the promotion of food
degradation.34 There are two major reasons to choose ZnO
nanoparticles. First, under the same volume, nanoparticles have
a much larger surface area compared with micron size particles,
which will enhance the UV-blocking efficiency. Second,
nanoparticles are much smaller than the wavelength of the
visible light, so that the scattering of visible light is minimized,
and the nanocomposite can maintain the transparency.
This study tested biobased starch and cellulose polymer

derivatives: HES and HEC. The molecular weight of the
polymeric binder was also investigated, as it can affect rheology
and UV-blocking capabilities of the coating film. Two
molecular weights of HEC were analyzed: a high molecular
weight of 1 300 000 g/mol (1.3 M) and a significantly lower
molecular weight of 90 000 g/mol (90k). It was found that the
larger molecular weight of HEC (1.3 M) became significantly
more viscous at comparable loading levels of its lower
molecular weight counterpart (90k). To match the coating
drawdown thicknesses, the loading levels of different molecular
weights of HEC were adjusted to equate the viscosities at ∼65
cP under a shear rate of 50 rpm. With these parameters in
mind, the 1.3 M HEC concentration was set at 0.5 wt %,
whereas the dosing of 90k HEC is set at 4 wt %. The UV
performance and visible transparency are comparable for both
formulations (Figure S2). However, the reduced polymer
content in the high-molecular-weight solution yields a much
thinner and concentrated film for 1.3 M HEC. Additionally,
the higher level of steric repulsion in 1.3 M HEC offers a
means of stability against sedimentation in the coating
formulation for an extended time.
When the coating film dries, limited space inevitably crowds

nanoparticles and induces aggregation. The aggregation has
two effects: (1) the nanoparticle surface available for absorbing
UV radiation is decreased; (2) large aggregates scatter more
visible light and deteriorate the transparency. Hence, a small
amount of chemical dispersant was added to prevent the
formation of large aggregates. The sodium polyphosphate
dispersant was used for ZnO and TiO2 nanopowders. For the
ZnO nanoparticle dispersion, since the nanoparticle surface
was already modified with silane and dispersible in water, a
small amount of Tween 20 (0.5 wt %) was added to help
further improve the dispersion of ZnO nanoparticles in the
solution. However, dispersant alone cannot fully determine the
aggregation of ZnO nanoparticles and achieve the high UV-
blocking efficacy. The critical component of the coating
formulation is the polymeric binder. Figure 1 compares the
UV-blocking performance of coating formulated with HEC
and HES with ZnO. The UV performance of the same coatings
with TiO2 is shown in the Supporting Information (Figure S3).
At a similar level of nanoparticle concentration and viscosity,
HEC formulation shows excellent UV-blocking capability
(>90% blocking), whereas HES does not block UV effectively
(∼ 10% blocking). The results are rather surprising since HEC
and HES share almost the same chemical composition in the
polymer backbone. The only difference is the bond orientation
of the repeating glucose unit (trans vs cis).

Thin Thickness. Thin coatings have several advantages
such as less material consumption, better flexibility, improved
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adhesion, and crack resistance. However, attaining thin and
UV-blocking films proves a difficult task, as lengthy measures
are often required to disperse ZnO nanoparticles within the
matrix. To accurately measure the film thickness, we carefully
examined the coating film cross-section under a confocal laser
microscope (Figure S4) and a high-resolution scanning
electron microscope (SEM) (Figure S5). Herein, our coating
has a thickness (0.2−2.5 μm) that is much lower than that of
conventional technologies (>50 μm) with comparable UV-
blocking performance. Though limited volume in thin coatings
is known to cause random nanoparticle aggregation and
diminished optical performance, in this study, HEC is found to
retain UV-blocking performance in thin coatings. Imaging at
nanoscale revealed that this unique property is due to the
formation of fractal nanoparticle assembly structures.
Table 1 briefly summarizes some of the results from previous

studies side-by-side with the results in our study. It is evident

that our coating is much thinner, and the use of ZnO
nanoparticles is among the most efficient, considering the
amount of added ZnO and thickness of the coating film.
Polymeric Binder. When formulated with HEC and ZnO

nanoparticles, the final coating film demonstrated high
transparency at the visible wavelength range (∼65%) and
UV-blocking efficiency (∼95%), as shown in Figure 1 and
Table 1. Interestingly, when loaded with the same amount of

ZnO nanoparticles in HES, the coating film lost almost all of
the UV-blocking capabilities. Since HEC and HES have almost
identical chemical compositions in the polymer backbone, the
results are rather unexpected. One possible explanation is
linked to the differences in the conformations of HEC and
HES molecules. In starch, the glucose units are connected
through a cis (α) glycosidic bond, whereas in cellulose, the
bond is trans (β). The difference in bond orientation
drastically changes the conformation and morphology of the
polymer chains in the aqueous solution. A previous study has
shown in aqueous solutions, HEC molecules indeed behave as
rigid and extended chains, whereas for the aqueous solutions of
amylose (precursor of HES), dynamic light scattering
measurements and calculations indicate that the polymers
cannot have extended helical, rodlike structures.32,33 Here,
persistence length, lp, can be used to characterize the polymer
chain stiffness; when lp is comparable to or greater than the
contour length, the polymer will behave as stiff rigid rods. For
values of lp much smaller than the contour length, the chains
are flexible and adopt random coil-like conformations. Prior
studies of modified starch and its derivatives indicate that HES
has a significantly shorter persistence length of ∼6 nm,
compared to HEC whose persistence length is ∼40 nm.32,33

Thus, HES adopts a more coil-like conformation, whereas
HEC adopts a more extended rodlike conformation in the
aqueous solutions. The compact structure of HES in the
aqueous solution also limits its capability to thicken the
formulation. Therefore, HEC is a much more efficient
thickener than HES of similar molecular weight.
To understand the dramatic UV-blocking performance

between HEC and HES, the details of ZnO nanoparticle
aggregations were examined under SEM (Figure 2). HEC and
HES coating films showed completely different ZnO
aggregation structures. In Figure 2b, when HES was used as
the binder polymer, ZnO nanoparticles aggregated into
separated, dense clusters. These kinds of aggregates have
been often observed for nanocomposite materials.35−37

However, in Figure 2a, when HEC was used as the polymeric
binder, ZnO nanoparticles formed intriguing fractal network
structures with significant open space within the network. A
similar phenomenon has been observed with ZnO in colloidal
suspensions.38 The structures showed great resemblance to the
branched structures formed by diffusion-limited aggregation,
which suggests that strong attractions may exist among
nanoparticles and induce aggregation upon contact when the
coating films dry. Since all of the other conditions for these two
coating formulations were kept the same, it is apparent that
different ZnO nanoparticle aggregation structures are due to
the morphology differences between HEC and HES.
The comparison between HEC and HES suggests that the

molecular architecture of the polymer backbone has profound
effects upon the particle aggregation within the nano-
composite. We hypothesize that the extended rodlike
structures of HEC may induce strong attractions among
ZnO nanoparticles during the drying process of the coating
film. Two possible mechanisms should be considered. The first
consideration is bridging: when volume shrinks as the coating
film dries, rodlike HEC chains may form bridges among ZnO
nanoparticles, bringing the particles together. Since HEC has
an extended conformation with high persistence length, the
bridging may happen more efficiently and at a much longer
distance than with HES. A second consideration is the

Figure 1. Comparison of UV−vis spectrum for poly(ethylene
terephthalate) (PET) substrate alone, PET substrate coated with
HEC (1.3 M), HES, HEC (1.3 M) with ZnO, and HES with ZnO
coatings. When combined with ZnO, HEC greatly outperforms HES
in terms of coating efficacy.

Table 1. Comparison of UV-Blocking Films Formulated
Using ZnO Nanoparticles

transmittance

binder choice
ZnO content in
formulationa

thickness
[μm]

UVA
[354 nm]

visible
[600 nm]

this study: HEC 0.8% 0.2−2.5 5% 65%
polyacrylate27 2% 40 8% 80%
acrylic
emulsion28

2% 45 15% 57%

starch +
keferin29

1% 130 2%b 79%b

polylactide30 1% 140 6%b 79%b

polyurethane/
acrylic31

2% 2000 7% 85%

aNanoparticle content is estimated in the wet coating formulation due
to the variation among coating composition and thickness when dried.
bValues of transmittance are calculated from extrapolated absorbance
values.
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depletion force, which depends on many different factors
including the polymer dimension and nanoparticle size.39 It is
known that larger polymer dimensions may induce strong and
long-range depletion attractions among nanoparticles.40 In this
scenario, HEC again may trigger stronger attractions at a
greater distance between ZnO nanoparticles. The strength of
this interaction may induce the diffusion-limited aggregation,
and the particles can form branched fractal assembly structures.
On the other hand, the reduced dimensionality of HES may
not induce strong attractions among nanoparticles and form
fractal network structures.
We believe that the ZnO nanoparticle aggregation holds the

key in differentiating the UV-blocking capabilities of the
coating films. Based on our understanding of the system,
schematic plots of HEC and HES conformations in aqueous
solutions together with the ZnO nanoparticles, as depicted in
Figure 3. It further demonstrates the possible assembly
structures when the coatings are dried. When HES is used as
the binder, the polymer coils initiate the formation of dense
aggregates composed of many particles. Therefore, the contact
of UV light with the nanoparticle surface is significantly limited
since the aggregation drastically reduces the exposed ZnO
surface area. In comparison, the loose fractal clusters formed
under HEC are extended particle by particle, exposing large
amounts of nanoparticle surface for interacting with UV
radiation. At the same time, the HEC composite is largely
transparent, also due to the open fractal structures. To
understand the detailed interactions and mechanisms within
these systems, more thorough experimental and computational
studies are required, which is out of the scope of this paper.

To gain a deeper understanding of the cluster formation and
average aggregate size in the coating films, small-angle X-ray
scattering (SAXS) measurements were conducted. First, ZnO
nanoparticle size is estimated to be 14.9 nm based on SAXS
fitting result of the HES sample, which is consistent with the
electron microscope measurement (Figure S1). We adopted a
model that is derived from a fractal system with polydispersed
primary particles to calculate the scattering intensity (eqs S1−
S4).41−43 The quality of the model fitting is calculated
according to eq S5. The model grants insight into the
quantitative characterization of aggregates including the
Guinier radius of the fractal, correlation length, fractal
dimension, and the corresponding aggregation number,
denoted as the number of primary particles incorporated in a
single fractal cluster. The fitted and experimental curves are
plotted in Figure 4. The shoulder from high q region
corresponds to ZnO primary particles, whereas the shoulder
presented in low q region is directly related to fractal clusters.
The two-level structures observed in both 1.3 M and 90k HEC
demonstrate the dimension of fractal clusters by the existence
of another Guinier region at low q. This confirms the fractal
structures at the micron scale observed in SEM micrographs.
In HES, a one-level structure is present, with no evidence of
the shoulder at low q. This suggests that HES does not form
fractal aggregates in a SAXS detectable length scale. The values
for correlation length, aggregation number, and Guinier radius
of fractal clusters are listed in Table 2. It is shown that a higher
value of correlation length, Guinier radius (eq S6), and a
significantly larger value for the aggregation number (eq S7)
are observed with HES compared with HEC. The aggregation

Figure 2. SEM micrographs of the aggregation patterns formed by the ZnO nanoparticles with binder polymers: (a) HEC and (b) HES. Scale bar
is 5 μm.

Figure 3. Assembly structures of ZnO nanoparticles with HEC (modified cellulose) and HES (modified starch) before and after drying into a
nanocomposite. Schematic is not drawn to scale.
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number for HES is 3 orders of magnitude higher, suggesting
that nanoparticles form much bigger and denser aggregates in
HES. The large numbers may also indicate that it is
inappropriate to use the fractal model in describing ZnO
particles, consistent with the morphology in HES binder, as
observed in SEM. On the other hand, coating films formulated
with HEC of different molecular weights have nearly the same
fractal dimension, suggesting that the morphologies evolved
through the same mechanistic process. The Guinier radius,
correlation length, and aggregation number are correlated to
the HEC molecular weight, supporting the idea that the rodlike
HEC chains are directly influencing the self-assembly of the
nanoparticles. The equations used for the fitting model and
calculation of aggregation number, correlation length, fractal

dimension, and Guinier radius are explained in detail in the
Supporting Information.
Additional verification of the composite effectiveness with

HEC as the polymeric binder can be observed in Figure 5a
with UV-blocking efficiency at different levels of ZnO loading.
In the UV region, the linear trend of absorption in both HEC
and HES suggests that as ZnO loading increases, no
significance change is observed for UV-blocking efficiency.
However, the slope of HEC is greater, suggesting an enhanced
efficiency when compared to HES. This result signifies that the
fractal structures formed under HEC can maintain the UV-
blocking effectiveness throughout a large range of nanoparticle
concentration. This data demonstrates the significance and
superior performance offered by the fractal assembly
structures, since higher nanoparticle concentration oftentimes
will lead to more severe aggregation and lower the light
blocking efficiency. In the visible region (Figure 5b), HES
shows a linear trend. However, HEC shows saturation at
∼0.4% ZnO loading. These trends clearly suggest that the
fractal network structures formed in HEC are superior in
blocking UV while maintaining the transparency at different
ZnO concentrations.

Chemical Dispersant. Chemical dispersants were also
added in the coating formulation to aid the nanoparticle
dispersion. It has been observed that a different chemical
dispersant is needed to optimize the performance for different
types of nanoparticles. For example, sodium polyphosphate
promoted the formation of similar dispersion patterns of
various nanopowders including ZnO and TiO2 (Figures S6−
S8). Under the influence of 90k g/mol HEC (Figure S6), the
TiO2 nanopowder, ZnO nanopowder, and ZnO dispersion all
show the formation of branch-like fractal structures. With the
substitution of the 1.3 M g/mol of HEC counterpart, it is
apparent that similarities exist across the different nanoparticle
types (Figure S7), though the fractal structures appear more
condensed. This is due to the reduced HEC loading, which
yields a much thinner, more concentrated composite.
Interestingly, the ZnO dispersion (Figure S7b) appears to
form most of the assembly beneath the surface of the film,
possibly due to the hydrophilic surface modification on the
nanoparticles. Correspondingly, the HES coating formulation
shows similar aggregation structures among various nano-
particles, all demonstrating the formation of discrete clusters
(Figure S8). No fractal network structures were observed in
the HES binder. The similar assembly patterns of different
nanoparticles in the same binder suggest that the underlying
mechanism of assembly may not be specific to the surface

Figure 4. Fitted (red) and experimental (black) curves of polymeric
binders with commercial ZnO dispersions, with arrows indicating the
shoulder regions for the primary particles and fractal aggregates. The
larger slope in HES yields a larger radius and a significantly higher
aggregation number. Insets show the schematic plot of particle
arrangements.

Table 2. Comparison of Guinier radius and Correlation
Length of Clusters and Aggregation Number for
Nanocomposite Formulated with HES and HEC

sample
correlation length

[nm]
Guinier radius

[nm]
aggregation
number

4% HES 1286 2945 7 481 716
4% 90k HEC 152 307 4110
0.5% 1.3 M HEC 292 588 19 259

Figure 5. UV−vis spectra of HEC and HES binders with ZnO loading in the (a) UVA (354 nm) and (b) visible spectrum (600 nm).
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chemistry of nanoparticles. It is also found that the coating
capabilities are not determined by the substrate, and switch
from PET to poly(vinyl chloride) (PVC) mostly maintains the
UV-blocking and transparency (Figure S9). Therefore, the
driving factor in the determination of assembly structures is the
binder morphology. With the addition of small amounts of
sodium polyphosphate (0.01 wt %), similar UV-blocking and
transparency performance was achieved with commercial ZnO
nanopowders and commercial ZnO nanoparticle dispersions.
However, when sodium polyphosphate concentration is
increased to a certain threshold (2 wt %), SEM micrographs
show the formation of large aggregates, diminishing the UV-
blocking capabilities and regularity of the nanocomposite
(Figure 6). The aggregation may be due to the increase of the
ionic strength in the solution that screens the electrostatic
repulsion of the nanoparticles. These results further confirm
that nanoparticle assembly structures directly influence the
optical properties. More dispersed ZnO nanoparticles and
open fractal network structures will produce coating films with
better UV-blocking performance and high transparency.

■ CONCLUSIONS

A biobased, transparent UV-blocking coating with unique ZnO
nanoparticle self-assembly structures was formulated. In this
study, two widely used biobased polymers, HEC and HES,
were chosen as the coating matrix. Their similarity in
composition offers an opportunity to single out the influence
of conformational differences on the assembly structures.
Future studies will include more binder polymers, which may
help reveal more details of the underlying mechanism of
nanoparticle assembly. With HEC binders, branch-like fractal
network structures were self-assembled. In contrast, large and
dense globules of particles were formed with HES. The striking
differentiation between the performance of HEC and HES
formulations reveals that fundamental self-assembly structures
induced by binder polymers can lead to drastically different
performances of ZnO nanoparticles. Though ZnO nano-
particles have the inherent ability to absorb UV light, it was
found that the open fractal assembly networks are essential to
achieve transparency and high UV-blocking efficacy. This
capability has been shown across a variety of substrates
including poly(ethylene terephthalate) (PET) and poly(vinyl
chloride) (PVC). The overall thickness of the composite

ranges from 0.2 to 2.5 μm, which is significantly thinner than
the previously reported technologies. This simple and
straightforward formulation provides a cost-effective and
readily scalable solution to the continual issue of UV
degradation. The thin thickness, high UV-blocking, and
transparency of the nanocomposite grant its applicability in a
variety of fields, such as food packaging and cosmetics. In
addition, this work can be extended to a platform of biobased
coating technology, which creates dispersed nanoparticles of
highly fractal assembly patterns. The coating film properties,
such as scratch resistance, adhesion, and water resistance, can
be further improved by crosslinking or adding a top coat. It is
also possible to directly reverse print the thin coating film on
the plastic substrate for food packaging applications.

■ EXPERIMENTAL SECTION
Coating Formulation. All of the chemicals used in this study are

commercially available, and the sources are listed in the Supporting
Information. In a glass vial, modified starch/cellulose (1.2 g) was
diluted to 4 wt %. The mixture was stirred at 550 rpm for 2 min,
modified with ammonia hydrodroxide (to pH 9), and stirred once
more for 5 min. The solution was then heated under microwave
irradiation. Following, a separate mixture of ZnO nanoparticles (0.24
g), Na polyphosphate (0.006 g), and deionized water (0.95 mL) was
stirred and sonicated for 5 min. The solution was diluted with
deionized water (3 mL), stirred 5 additional min, and then
homogenized for 5 min. A commercial ZnO nanoparticle dispersion
can replace the previous, with Tween 20 (0.075 g) as the dispersant
and an additional 20 min of sonication in place of the homogenization
step. The binder solution and nanoparticle dispersions were combined
at 550 rpm for 10 min. In the case of the nanopowder dispersion, the
mixture was homogenized for 5 min, whereas with the commercial
dispersion, the mixture was sonicated for 20 min. After thorough
homogeneity has been achieved, the formulation was drawn down on
corona-treated polyethylene plastic with a stainless steel drawdown
bar of 75 μm wet thickness.

Materials Characterization. A Tecnai F20 microscope operating
at 200 kV was used to acquire bright-field transmission electron
microscopy images. Scanning electron microscope micrographs were
taken via a field-emission scanning electron microscope (Nanonova
230, FEI). The UV-blocking capability and transparency were
assessed via the use of a UV−vis spectrometer (Cary 5000-Vis-NIR,
Agilent). Laser light diffraction was measured with a dynamic light
scattering (Zetasizer NanoZS, Malvern). X-ray diffraction studies
were taken on a small-angle X-ray scattering diffractometer (Xeuss 2.0

Figure 6. (a) UV−vis spectrum of varying concentrations of Na polyphosphate with 0.8% ZnO nanopowders; (b) SEM micrograph of 0.01% Na
polyphosphate; (c) SEM micrograph of 2% Na polyphosphate. Scale bar is 1 μm.
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SWAXS, XENOCS, France), with analysis conducted using the
SASView computational software.
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