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Abstract: The surface modified hydrophilic zinc sulfide nano powder was prepared by hydrothermal
method, and the corresponding zinc sulfide/polyurethane organic-inorganic composite transparent
coating via in-situ polymerization. The structure of ZnS Nanoparticles and organic-inorganic com-
posite coating were characterized by Infrared Spectroscopy, X-Ray Diffraction, Laser Particle Size
Analyzer and Scanning Electron Microscopy. The optical properties were measured by Ultraviolet-
Visible spectrophotometer and ellipsometry. The results show that the monodisperse hydrophilic
nano zinc sulfide powder with a particle size of about 70 nm can be obtained by thioglycolic acid
(TGA) modification, which has good compatibility with waterborne polyurethane. Nano zinc sulfide
increased the refractive index of the coating significantly and the refractive index of the coatings could
be controlled in the region of 1.46–1.71 organic-inorganic composite coating by adding ZnS. When the
amount of nano ZnS added was 30%, the refractive index of the hybrid coating can reach 1.71, and the
transmittance was more than 90%. The cured coatings were smooth and no agglomeration between
nano ZnS particles could be found. After application on the surfaces of resin lens, the coatings
presented better impact resistance, which indicated that the coating has application prospects in the
field of fine processing of lens’ surfaces.

Keywords: nano zinc sulfide; polyurethane; in-situ polymerization; coating; resin lens

1. Introduction

Resin materials are widely used in optics, aviation, transportation, construction and
other fields. Because of their light weight and excellent optical performance, high refractive
resin lenses are more and more popular. In order to improve the service life of the optical
resin lens, a functional coating on the surface has become a common method adopted by
lens enterprises [1,2]. The organic-inorganic composite coating takes organic matter as the
matrix component and inorganic nanoparticles as the reinforcement component. By adjust-
ing the proportion, an organic-inorganic composite functional coating with both hardness
and flexibility can be prepared. Clément Sanchez et al. [3] have studied organic-inorganic
hybrid materials in detail, including their classification, composition, mechanism and wide
application in optics, electronics, biology, medicine, for example, as membranes and sepa-
ration devices, functional smart coatings, fuel and solar cells, sensors, etc. Qian et al. [4]
controlled the aggregation of inorganic colloid particles by polymerization and ultrasonic
vibration. Super-hydrophobicity and transparency of the coating can be controlled by ad-
justing the initial concentration of monomer and the size of aggregates in the sol-gel. Thus,
super-hydrophobicity and a high transparency coating can be simultaneously achieved.
Salleh et al. [5] prepared ultraviolet (UV) curable acrylate modified by nano silica. The
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test showed that the material has high transparency, high scratch resistance and high wear
resistance. Sangermano et al. [6] added zirconia, modified by methacrylic acid into acrylic
resin, to initiate polymerization and prepared organic-inorganic composite optical film.
The result shows that the addition of nano zirconia improves the heat resistance and stabil-
ity of the coating. Zhou et al. [7] used an in-situ polymerization method to disperse the
surface modified nano silica in acrylic resin, and mixed this with isocyanate to initiate the
solidified into membrane. The hardness and scratch resistance of the coating are obviously
improved after modification. Hakan et al. [8] prepared silicone modified hard coatings
with methyl orthosilicate and diethylenetriamine by gel sol method. The result shows
that an effectively polymerized hybrid coating rich in silica content, as realized for high
tetramethyl-silo-silicate or abundant water containing sols, resulted in defective films with
microcracking and adhesion problems. Pavlovsak et al. [9] prepared an organic-inorganic
composite optical coating by controlling hydrolysis condensation of tetraethyl silicate in
a polymethylmethacrylate, polyvinyl alcohol and vinyl acetate polymer monomer. The
coating has excellent scratch resistance and high hardness. Liu et al. [10] prepared a com-
posite optical film using methyl methacrylate and titanium dioxide by organic-inorganic
synchronous polymerization. The result showed that the hybrid film had good mechanical
properties, surface smoothness and high refractive index.

Inorganic nanoparticles have a series of advantages, such as excellent scratch resistance
and hardness, UV resistance and high refractive index. The hybrid coatings prepared by
introducing modified nanoparticles into polymer solution is an important way to improve
the performance of optical lenses [11–13]. Zinc sulfide (ZnS) is one of the highly refractive
index semiconductor materials (refractive index is 2.47 at 625 nm wavelength) and the
optical absorption is low in the range 400–1400 nm, which has a significant effect on
improving the refractive index of the coating [14,15]. Nano ZnS has a high refractive
index and wide light transmission range in common nanoparticles. The application of
nano ZnS to modify the optical coating can not only improve the refractive index, wear
resistance and hardness of the coating, but also can enhance the density of polymers
and improve transmittance, heat resistance, aging resistance, barrier property and water
resistance. In the field of nanocomposite optical materials, quantum size effect is an
important factor of the refractive index. It is not necessary to consider the influence of
quantum size effect on the refractive index due to the Bohr exciton radius of ZnS is 5.5 nm,
and the size of its nanoparticles is not much smaller than 5.5 nm. Chaudhuri et al. [16]
added thioglycolic acid (TGA) to modify nano-ZnS into polyvinylpyrrolidone by in-situ
polymerization to prepare high transmittance optical film with a refractive index of 1.65.
H. Althues et al. [17] prepared ZnS:Mn nanoparticles by a chemical precipitation method,
and an organic-inorganic composite film with a refractive index of 1.65 was prepared by
polyreaction which used the in-situ polymerization method to join the methyl methacrylate.

The nanocomposite coating applied to the optical lens should have good refractive
index, transparency, better impact resistance, heat resistance and thermo-optical stability.
In addition, in order to prolong the service life of the material, the composite coating
should be able to improve the wear resistance and toughness of the material. Polyurethane
coating is used in the impact resistance of resin lenses [18,19]. The coating is prepared by
polycondensation of hard segment isocyanate containing a urea group and amino group
with polyester, polyether or other polyols [20–22]. However, rainbow lines will appear
when a polyurethane coating with low refractive index is applied to a high refractive index
lens substrate, which will greatly affect the quality of the lens [23]. The modification of
waterborne polyurethane coating with high refractive index inorganic nano particles can
significantly enhance the refractive index, as well as solvent resistance, impact resistance
and anti-aging properties of the coating [24,25]. High refractive index nanocomposite
optical materials are widely used in antireflection coatings, optical lenses, optical waveg-
uides, etc. In this paper, aqueous dispersed ZnS nanoparticles were prepared first, with
surface modification by TGA at room temperature. Then the nanoparticles were added
into waterborne polyurethane and the organic-inorganic composite coatings were prepared
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by in-situ polymerization. The structure and properties of the coating and its application
in resin lens were studied.

2. Materials and Methods
2.1. Experimental Reagents

The following materials were used as purchased. Zinc chloride (ZnCl2, analytical
reagent (AR)) was obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China);
sodium hydroxide (NaOH, analytical reagent AR) was obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China); sodium sulfide (Na2S, analytical reagent AR) was
obtained from Shanghai Lingfeng Chemical Reagent Co., Ltd. (Shanghai, China); thiogly-
colic acid (C2H4O2S, analytical reagent AR) was obtained from McLean Reagent Co., Ltd.
(Shanghai, China); anhydrous ethanol (C2H6O, analytical reagent AR) was obtained from
Aladdin Reagent Co., Ltd. (Shanghai, China); two component waterborne polyurethane
(grade I) was obtained from SDC Technology Co., Ltd. (Irvine, CA, USA); isopropanol
(C3H8O, analytical reagent AR) was obtained from McLean Reagent Co., Ltd. (Shanghai,
China); piranha cleaning solution (grade I) was obtained from Shanghai Huiyun Chemical
Co., Ltd. (Shanghai, China); deionized water was self-made.

2.2. Preparation of Modified Nano ZnS

The modified nano ZnS particles were prepared by hydrothermal method with zinc
chloride as zinc source, sodium sulfide as sulfur source and TGA as surface modifier.
0.8 mL sodium hydroxide solution was added into the mixed solution of zinc chloride and
mercapto-acetic acid, and the pH of the system was adjusted to 6–7. A certain proportion
of sodium sulfide solution was added and continued to react for 24 h at 30 ◦C. The original
solution was centrifuged on a high-speed centrifuge at 1500 R/min for 10 min. The solid
was dissolved in 50 mL absolute ethanol and ultrasound for 30 min. The cleaning steps
were repeated four times. The prepared nano-ZnS was placed in a vacuum drying oven
and dried at 60 ◦C for 24 h, then it was grinded for use.

2.3. Preparation of Zinc Sulfide/Polyurethane Transparent Coating

In this paper, two-component waterborne polyurethane was adopted: A component
was isocyanate, B component was polyol and catalyst. The modified nano-ZnS aqueous
solution was added into component A. After 30 min of ultrasonic dispersion, 160 mesh
gauze was used for vacuum filtration three times. Under the protection of nitrogen, the
modified components A and B were mixed at a ratio of 0.9:1 and let stand for 10 min. After
surface cleaning, the substrates (glass slide or resin lens) were fixed by dip coater and
immersed in ZnS/polyurethane composite coating solutions. The substrates were drawn
at a rate of 1 cm/min after 5 min. They were dried at room temperature for 24 h and then
heated up to 60 ◦C at a heating rate of 0.25 ◦C/min in an oven. After curing for 2 h, the
transparent coating was obtained.

2.4. Structure Test and Characterization

The structure of the surface modified nano-ZnS and composite coating were charac-
terized by Nicolet NEXUS-670 FT-IR Raman spectrometer (Thermo Nicolet Corporation,
Madison, WI, USA). The crystal structure of ZnS powder was analyzed by Bruker D2
phaser powder X-ray diffractometer (Bruker Daltonics, Karlsruhe, Germany). The particle
size and potential of the aqueous dispersed nano-ZnS were measured by Malvern ZS
particle analyzer (Malvern Instruments, Westborough, MA, USA). HITACHI s-4800 field
emission Scanning Electron Microscopy (SEM) (Hitachi, Tokyo, Japan) was used to observe
the coatings’ section structure. The surface morphology of the coating was observed by
Agilent 5500 atomic force microscope (Agilent Technologies, Chandler, AZ, USA).



Coatings 2021, 11, 894 4 of 13

2.5. Performance Characterization of ZnS/Polyurethane Transparent Coating

The transmittance of the cured coating was measured by Lambda 950 UV-Vis spec-
trophotometer (Perkin Elmer, Waltham, MA, USA). The refractive index of the coating
was measured by M-2000UI ellipsometry from the J.A. Woollam company (Lincoln, NE,
USA) in the wavelength range 300–800 nm and at a 65◦ incident angle. Pencil hardness of
the coating was measured according to GB/T6739-2006 [26]. The impact resistance, water
resistance, alkali resistance, extreme temperature resistance and adhesion performance of
the coatings on lenses were tested according to QB/T2506-2017 [27], GB/T1733-1993 [28],
GB/T9265-2009 [29] and GB/T9286-1998 [30], respectively.

3. Results
3.1. Preparation of Surface Modified Nano-ZnS

The effects of modifier content and reaction temperature on the preparation process of
ZnS nanoparticles were studied to prepare well dispersed nanoparticles. Five experiments
were carried out at 30 ◦C with the molar ratio of Zn/TGA being 1:0, 1:1, 1:2, 1:2.5 and 1:3,
respectively. The solution concentration was 0.4 mol/L and the molar ratio was 0.9. The
structure of the samples was characterized by XRD, as shown in Figure 1. It can be seen
that the nano-ZnS prepared by hydrothermal method had a complete crystal structure. All
samples display the same patterns as sphalerite ZnS, due to 2θ characteristic diffraction
peaks at 28.7◦, 47.7◦ and 56.6◦, respectively. With an increased amount of TGA, the width
of diffraction peak increased, while the strength and particle size decreased. This is because
the adding of TGA destroyed the crystal integrity of nano-ZnS and made the crystallinity
decrease. Moreover, with the increase of TGA, the dispersion of particle size became more
obvious. The spectral lines of diffraction peaks with different particle sizes overlapped,
resulting in the broadening of peaks.

Figure 1. X-ray diffraction pattern of nano-ZnS prepared with different amounts of TGA.

The grain size could be calculated by Scherrer formula—Equation (1) (select (111)
crystal plane for calculation) [31], as shown in Table 1.

d = kλ/βcosθ (1)

where the constant k is 0.94, β is the full width of the peak at half maximum height
(FWHM), d is the average diameter of the crystallite, and λ represents the wavelength of
the incident radiation.
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Table 1. Grain size and dispersion of modified nano-ZnS.

Sample Half Width (◦) Grain Size
(nm)

Zeta Potential
(mV) Dispersity Average Particle

Size (nm)

Zn:TGA = 1:0 0.676 12.72 20.8 double-peak 75.15
Zn:TGA = 1:1 2.214 3.89 31.4 single-peak 46.7
Zn:TGA = 1:2 2.345 3.67 46.7 single-peak 31.5

Zn:TGA = 1:2.5 3.014 2.85 32.5 double-peak 77.6
Zn:TGA = 1:3 4.120 1.70 25.4 double-peak 111.4

It can be seen from the calculation that the grain size was 12.72 nm without TGA.
Adding TGA limited the growth of grains, and the grain size gradually decreased to 1.7 nm.
The zeta potential and particle size distribution of five samples in deionized water were
observed, as seen in Table 1. The average particle size of nano-ZnS was 75.15 nm and
showed a bimodal distribution in the absence of TGA. Due to the surface modification of
TGA on the formation of nano-ZnS, the nano particles were evenly dispersed and the size
was reduced. When Zn:TGA = 1:2, the particle size was 31.5 nm. With further increase
of TGA, the particle size increased and showed a double peak distribution, due to the
aggregation of nano-ZnS caused by the bridge effect of excessive TGA.

The surface modification effect of TGA was studied by infrared spectrum, as seen in
Figure 2. The –OH stretching vibration peak was at the range of 3600.00–3000.00 cm−1,
the –SH stretching vibration peak was at 2567.60 cm−1, and the –COOH antisymmetric
and symmetric stretching vibration peaks were at 1716.54 cm−1 and 1403.41 cm−1, respec-
tively. The –C=O expansion vibration peak was at 1293.14 cm−1, and the –OH in-plane
bending vibration peak was at 1154 cm−1. The –CS characteristic peak was at the range
of 800.00–600.00 cm−1. It can be seen from the infrared spectrum of the modified nano-
ZnS that the –OH stretching vibration peak was at 3418.28 cm–1, and the corresponding
–COOH antisymmetric and symmetric stretching vibration peaks shifted to 1577.13 cm−1

and 1387.99 cm−1, 574.90 cm−1, respectively, the peaks corresponding to the characteristic
absorption peaks of nano-ZnS. –SH stretching vibration peak at 2567.60 cm−1 disappeared,
showing that –SH had been successfully bonded with ZnS. TGA was grafted onto the
surface of nano-ZnS and the surface was modified effectively, so that nano-ZnS could be
stably dispersed in aqueous solution.

Figure 2. Infrared spectrum of surface modified nano-ZnS.

The effect of hydrothermal temperature on the morphology of ZnS particles was
studied. The concentration of the reaction solution was 0.40 mol/L, the molar ratio of
Zn/TGA was 1:2, the molar ratio of Zn/S was 0.9, and the reaction temperature was set
at 30 ◦C, 60 ◦C and 90 ◦C, respectively. The morphological section was observed by SEM,
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as shown in Figure 3. The prepared nanoparticles distributed uniformly and no obvious
agglomeration could be found. It can be seen from the electron micrograph that, with the
increase of temperature, the shape of nanoparticles changed obviously, from quasi-circular
structure to hexagonal sheet structure. This is due to the fact that the TGA was grafted onto
the nano-ZnS, which made the grains grow, and there were many twins and dislocations
in the grains. With the increase of temperature, the grains inside the particles grew into
polycrystalline aggregates. The mutual exclusion of the hydrophilic groups of grafting
particles with TGA results in the crystal nucleus of wurtzite structure, and finally the
irregular hexagonal sheet structure was formed [32]. At 90 ◦C, the size of hexagonal sheet
nano-ZnS was about 70 nm, which had better heat stability.

Figure 3. Electron micrograph of nano-ZnS prepared at different heating temperatures: (a) The samples prepared at 30 ◦C;
(b) The samples prepared at 60 ◦C; (c) The samples prepared at 90 ◦C.

3.2. Waterborne Polyurethane Coating Modified by Nano-ZnS

The prepared 70 nm ZnS was added to the two-component waterborne polyurethane
via in-situ polymerization and five experiments were carried out with a nano-ZnS content
of 10%, 15%, 20%, 25% and 30%, respectively. The above coating was put onto the silicon
substrate by spin coating, and the refractive index was measured after curing, as shown in
Figure 4.

Figure 4. Refractive index of composite coating with different nano-ZnS content.

The refractive index of waterborne polyurethane coating was only 1.46. This indicates
that the refractive index increased from 1.51 to 1.71 (at the wavelength of 625 nm) with
the increase in ZnS content. This is due to the significantly improved refractive index of
nano-ZnS, going up to 2.47.

The transmittance of nano-ZnS/waterborne polyurethane composite coating with
different contents was studied to explore the influence of nano-ZnS on the optical properties
of the coating with a ZnS content of 0%, 10%, 15%, 20%, 25% and 30%, respectively, and
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the results are shown in Figure 5. It can be seen that the transmittance was 93.6% without
nano-ZnS by analyzing the different transmittances of the coating. The transmittance
reduced slightly with the increase of nano-ZnS, but the transmittance of all samples was
higher than 90%. This indicates that the nano-ZnS/polyurethane composite coating has
higher transmittance.

Figure 5. Light transmittance of composite coating with different nano-ZnS content. The amount of
nano-ZnS added to sample 1 in the figure accounts for 30%, sample 2 for 20%, 3 for 15%, 4 for 10%,
5 for blank, 6 for 25% of the content of waterborne polyurethane.

The hardness of the coating with different contents of nano-ZnS on the glass substrate
was measured, as shown in Figure 6. According to the tests, the hardness of waterborne
polyurethane coating was lower, due to the higher content of flexible polymer segments.
The hardness of the coating increased from 6B to HB with the increase of nano-ZnS content.
The reason is that nano-ZnS has higher hardness by itself. The modified nano zinc sulfide
can provide active sites to form chemical bonds between the isocyanate groups of the
PU chains and hydroxyl groups on the nano particles, which increased the hardness of
the coating [33]. The addition of nano zinc sulfide made the composite coating retain the
impact resistance of the waterborne polyurethane coating and increased the hardness, to
some extent, at the same time.

Figure 6. Hardness of composite coating with different nano-ZnS content.

The particle size distribution of the composite coating (a) and the cross-section SEM
(b) of the solidified coating were studied to further research the distribution of nano-
ZnS in composite coating, as shown in Figure 7. From the size and potential tests, we
know that the two-component composite aqueous polyurethane solution showed a single
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peak distribution, the average particle size was about 80 nm, and there was no settling
phenomenon. The average Zeta potential of the coating was 46.3 mV, which indicates that
the coating had good stability. The section morphology of the coating was observed after
quenching in liquid nitrogen. It can be seen from the SEM photograph that the section
of the material was smooth without serious cracks. Nano-ZnS was evenly distributed on
the section, the particle size was about 70 nm, and there was no significant aggregation.
This is due to the fact that the nano-ZnS modified by TGA was grafted with organic
chain segments, which prevented the agglomeration of nano particles and had a good
dispersing effect.

Figure 7. (a) Distribution of nano-ZnS in composite coating (nano-ZnS content is 25%); (b) The cross-section SEM of the
coating.

The waterborne polyurethane with different nano ZnS content was coated on the sili-
con substrate. The surface morphology of the coating was characterized by Atomic Force
Microscopy (AFM), and the surface roughness was analyzed, as shown in Figures 8 and 9.
The fluctuation of the coating changed at the range of 10–45 nm and the roughness in-
creased with the increase in nano ZnS content, as shown in Figure 8. The average roughness
of the coating was 3.47 nm when the nano ZnS content was 10%. When the content of
nano ZnS increased to 30%, the roughness of the coating increased to 6.7 nm, as shown
in Figure 9. With the increase of nano ZnS content, the waterborne polyurethane com-
ponent in the coating decreased, which made the network cross-linking structure of the
coating more compact; the average roughness of the coating increased significantly and the
transmittance decreased.

The fluctuation of the coating changed at the range of 10-45 nm and the roughness
increased with the increased of nano ZnS content, as shown in Figure 8. The average
roughness of the coating was 3.47 nm when the nano ZnS content was 10%. When the
content of nano ZnS increased to 30%, the roughness of the coating increased to 6.7 nm, as
shown in Figure 9. With the increase of nano ZnS content, the waterborne polyurethane
component in the coating decreased, the average roughness of the coating increased
significantly and the transmittance decreased.
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Figure 8. Cont.
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Figure 8. AFM of the coating with different nano ZnS content (Note: (A–E) in turn correspond to the nano ZnS content at
10%, 15%, 20%, 25%, 30%).

Figure 9. Roughness of coatings with different nano-ZnS content.

3.3. Application of ZnS/Polyurethane composite Coating on Resin Lens

The application of nano-ZnS/polyurethane composite coating was studied with ZnS
addition contents of 10%, 15%, 20%, 25% and 30%, respectively. The impact resistance of
samples was tested after film curing, as shown in Figure 10. A steel ball with a mass of 16 g
fell freely from a height of 1.27 m and impacted the convex surface of the lens. By observing
whether the lens was cracked or broken, the impact resistance of the lens could be judged.
From Figure 10, we know that the composite coating had good impact resistance and there
were no cracks, because of a large number of flexible segments in polyurethane molecules
linking to each other, which providing resin lenses with excellent impact resistance.

The extreme temperature tests and water resistance tests of the composite coating
were carried out, as shown in Figure 11. This indicates that the composite coating had
better temperature resistance and water resistance. The coating had no cracks, shedding
and blistering, and the addition of nano-ZnS did not damage the molecular structure of
waterborne polyurethane.

The alkali resistance tests were carried out as shown in Figure 12. The composite
coating had good alkali resistance without cracks and shedding phenomenon with the
content of ZnS at less than 30%. However, when the content reached 30%, the coating
cracked. This is mainly because the high content of nano particles made the cross-linking
density of the coating decrease, so that the alkali resistance decreased.
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Figure 10. Impact resistance diagram of composite coating (Note: the addition amount of ZnS is 10%,
15%, 20%, 25%, 30%, respectively).

Figure 11. High and low temperature resistance test (up) and water resistance test (down) of
composite coating (Note: the addition amount of ZnS is 10%, 15%, 20%, 25% and 30%, respectively).

Figure 12. Alkali resistance test of composite coating (Note: the addition amount of ZnS is 10%, 15%,
20%, 25% and 30%, respectively).

The adhesion was also tested, as shown in Figure 13. The composite coating had better
adhesion with no shedding, reaching the optimal level of 0 when the content of ZnS was
less than 30%. When the content reached 30%, the edge of the incision crossing slightly
fell off, the falling area was less than 5%, and the adhesion level was 1. According to the
application test of the composite coating for the resin lens, when the content of ZnS was
less than 30%, the coating had better practicability and met the business requirements of
lens manufacturers.
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Figure 13. Coating adhesion test.

4. Conclusions

The hydrophilic nano-ZnS powder was prepared via one-step homogeneous precip-
itation with TGA as modifier. The particle size of nano-ZnS powder was 70 nm and the
dispersibility was stable. The dispersed uniformly ZnS/polyurethane composite impact re-
sistant coating solution was prepared via in-situ polymerization. Nano-ZnS was uniformly
dispersed in waterborne polyurethane without agglomeration. Modified nano-ZnS had
excellent compatibility with waterborne polyurethane. We know from the structure and
performance characterizations that the refractive index (1.46–1.71) and the heat resistance
of the composite coating could be significantly improved and the coating had better light
transmittance (>90%) after the addition of nano-ZnS powder, meeting the demands of
the high refractive index resin lens. The experiments showed that when the content of
nano-ZnS was less than 30%, the coating had excellent impact resistance, water resis-
tance, alkali resistance and extreme temperatures resistance, and provided more effective
and lasting protection for lenses, suggesting that this environmentally friendly coating
with high refractive index has considerable application potential in the field of resin lens
fine processing.
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