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Synthesis of Transparent Aqueous ZrO, Nanodispersion with a
Controllable Crystalline Phase without Modification for a High-
Refractive-Index Nanocomposite Film
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ABSTRACT: The controllable synthesis of metal oxide
nanoparticles is of fundamental and technological interest. In
this article, highly transparent aqueous nanodispersion of ZrO,
with controllable crystalline phase, high concentration, and
long-term stability was facilely prepared without any
modification via the reaction of inexpensive inorganic
zirconium salt and sodium hydroxide in water under an acid
surrounding, combined with hydrothermal treatment. The as-
prepared transparent nanodispersion had an average particle
size of 7 nm, a high stability of 18 months, and a high solid
content of 35 wt %. ZrO, nanocrystals could be readily
dispersed in many solvents with high polarity including
ethanol, dimethyl sulfoxide, acetic acid, ethylene glycol, and
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N,N-dimethylformamide, forming stable transparent nanodispersions. Furthermore, highly transparent polyvinyl alcohol/ZrO,
nanocomposite films with high refractive index were successfully prepared with a simple solution mixing route. The refractive
index could be tuned from 1.528 to 1.754 (@ 589 nm) by changing the mass fraction (0—80 wt %) of ZrO, in transparent

nanocomposite films.

1. INTRODUCTION

Recently, functional polymer—inorganic hybrid materials have
attracted a great deal of attention owing to the outstanding
combinations of mechanical,"” thermal,’ magnetic,4 surface,>®
optica~l,7’8 electronic,’ antiswelling,m biomedical,"' ™"* and
optoelectronic'*"® properties when compared with individual
polymer or inorganic components. In particular, optically
transparent nanocomposite materials with high refractive index,
having the potential applications in antireflection films,'*™"*
optical waveguides,'” plastic optical fibers,” photonic crystals,”
lenses,”” and whispering gallery mode,”* have been extensively
studied. In these cases, the inorganic domains must be
controlled to be below one-tenth of the wavelength of visible
light (400—800 nm) for reducin§ scattering loss and
maintaining the optical transparency.”* Ideally, the inorganic
particles should have a diameter below 10 nm because the
presence of even a small percentage of larger particles or
aggregates may result in excessive light scattering in the visible
region, causing haze or even turbidity.”> In addition, it is also
desired to achieve homogeneous dispersion and excellent
stability of nanoparticles at a high solid content in the polymer
matrix for such an optical application.

So far, some semiconductor nanoparticles of metal sulfides
such as PbS,*® FeS,”” ZnS,**™*° and metal oxides such as
TiO,,>"** Zr0,,**** and ZnO* owing to their high refractive
index are usually introduced into the polymer matrix to prepare
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nanocomposites with high refractive index. However, sulfur-
containing raw materials such as Na,S and H,S to prepare PbS,
ZnS, and FeS suffer from pollution and storage problems. TiO,
and ZnO have photocatalytic properties, resulting in the
obviously reduced optical transparency of hybrid films at a
wavelength of around 400 nm owing to the low band gap of
TiO, (32 eV)? and ZnO (3.37 eV)*® and the possibly
accelerated decomposition of polymer matrix. Recently, ZrO,
nanocrystals have been an ideal building block for high-
refractive-index nanocomposites because they offer several
advantages such as chemical inertness, excellent thermal
stability, high hardness,””** and excellent optical properties,
such as Abbe number and transparency on a broad spectral
range because of the large band gap of ZrO, in the range of
5.0—5.85 eV.”* Presently, some methods have been developed
for the synthesis of ZrO, nanocrystals, including sol—gel
method,*® solvothermal method,***’ two-phase method,** and
nonaqueous method.”*® However, there are still several
challenges. First, the commonly used synthetic methods usually
employ expensive and unstable organic alkoxide precursors,
such as zirconium(IV) propoxide and zirconium(IV) butoxide,
which are sensitive to moisture, air, and 1ight.7'43”44 Second, the

Received: January 17, 2018
Revised: ~ April 10, 2018
Published: May 17, 2018

DOI: 10.1021/acs.langmuir.8b00160
Langmuir 2018, 34, 6806—6813


pubs.acs.org/Langmuir
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.8b00160
http://dx.doi.org/10.1021/acs.langmuir.8b00160

Langmuir

as-obtained nanocrystals, covered with long alkyl chain fatty
acids or amines, usually have hydrophobic surface properties,
thereby limiting their wide applications.” Third, ZrO, exists in
three polymorphs: the monoclinic (M-ZrO,), tetragonal (T-
Zr0,), and cubic (C-ZrO,) phases. However, it is hard to
realize the controllable preparation of pure-phase tetragonal
and monoclinic nanocrystals in the size of about 10 nm.*
Therefore, it is urgent to develop a facile way to prepare
aqueous dispersion of ZrO, nanocrystals with controllable
crystalline phase, high solid content, and stability.

In this work, a novel and cost-effective route was presented
to prepare transparent aqueous zirconia nanodispersions with
controllable crystalline phase without any surface modification.
In this case, high-yield zirconia nanocrystals were synthesized
via the reaction of inexpensive inorganic zirconium salt and
sodium hydroxide in an acid aqueous surrounding, followed by
the regulated hydrothermal process. The as-prepared zirconia
nanocrystals could be readily dispersed in many solvents with
high polarity, forming long-term stable and transparent
nanodispersions with high solid content. Furthermore, highly
transparent hydrophilic polyvinyl alcohol (PVA)/ZrO, nano-
composite films with high refractive index were prepared by a
simple solution mixing approach. The related optical properties
and refractive index were also investigated.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Zirconium oxychloride octahydrate (ZrOCl,:
8H,0), sodium hydroxide (NaOH), ethanol (ET), ethylene glycol
(EG), and N,N-dimethylformamide (DMF) were purchased from
Beijing Chemical Reagent Co. PVA with a polymerization degree of
1750 =+ 50 and a saponification degree of 98—99% was obtained from
Tianjin Fuchen Chemical Reagents Factory. All of the chemical
reagents were analytically pure and used without further purification.
Deionized water was purified by a water purification system (RO-DI
plus, Hitech, PRC).

2.2, Preparation of Transparent Aqueous ZrO, Nano-
dispersions. The whole synthesis procedure consisted of two steps
(Scheme 1): first, controlled growth of —Zr—O—Zr— networks from

Scheme 1. Proposed Formation Mechanism of ZrO,
Nanocrystals
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hydrolysis*® and condensation reaction of ZrOCl, in the acid
environment of pH = 2, forming transparent zirconium hydroxide
precursor and second, further condensation of —Zr—O—Zr— networks
by a hydrothermal method, eliminating the need for any subsequent
calcination step to crystallization.

Typically, 2.0946 g (6.5 mmol) of ZrOCl,-8H,0 was dissolved in
65 mL of deionized water at 25 °C under vigorous stirring. An aqueous
solution (38 mL) containing 0.19 g (4.75 mmol) of NaOH was then
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added dropwise into the above ZrOCl, aqueous solution. The final pH
value of the mixture was 2.0. In addition, the mixture was further
stirred at 70 °C for 3 h. Subsequently, the as-obtained zirconium
hydroxide precursor was washed thoroughly with deionized water by a
dialysis method. Finally, the precursor was transferred into a 200 mL
Teflon-lined stainless steel autoclave and heat-treated at 170 °C for 10
h to form transparent aqueous dispersions of ZrO, nanocrystals with
coexistent monoclinic and tetragonal phases.

Transparent dispersions of pure M-ZrO, nanocrystals were achieved
only by increasing the hydrothermal temperature to 230 °C. In
addition, transparent dispersions of pure T-ZrO, nanocrystals were
prepared by replacing two-third of water with EG and increasing the
hydrothermal temperature to 240 °C. Other processes were the same
as the above description.

2.3. Preparation of a Transparent PVA/ZrO, Nanocomposite
Film. Transparent PVA/ZrO, nanocomposite films with high
refractive index were fabricated by a facile solution mixing method.
Typically, PVA was first dissolved in the deionized water at 90 °C
under vigorous stirring for 1 h to obtain a homogeneous solution.
Subsequently, transparent ZrO, nanodispersions with different solid
contents were added into the above PVA solution. The formed
mixture was sonicated for 10 min until a homogeneous and
transparent solution was obtained. Finally, the above PVA/ZrO,
solution was coated on a glass sheet or silicon wafer by a spin-coating
process to obtain PVA/ZrO, nanocomposite films. The films were
kept at a room temperature for 24 h to ensure the solvent fully
evaporated. For a comparison, ZrO, nanopowder dried from ZrO,
nanodispersion was also used to prepare ZrO,/PVA nanocomposite
films with the same method.

2.4. Characterization. The size and the morphology of ZrO,
nanocrystals were examined with a transmission electron microscope
(TEM, JEM-2100, JEOL, Japan) operating at an accelerating voltage of
120 KV. The surface potential of ZrO, nanocrystals was measured with
a particle size and zeta potential analyzer (Nano-ZS90, Malvern,
Britain). The crystalline structure of ZrO, nanocrystals was performed
by an X-ray diffractometer (XRD-6000, Shimadzu, Japan) equipped
with Cu Ka radiation, an accelerating voltage of 40 kV and a current of
40 mA. The scanning range was 10°—80°, and the scanning rate was
5°/min with a step size of 0.02°. Raman spectroscopy (HORIBA Jobin
Yvon LabRAM ARAMIS) was recorded at a room temperature with
532 nm excitation line of a diode-pumped solid-state laser in the
wavenumber range of 100—700 cm™". The Fourier transform infrared
(FTIR) spectrum was recorded with a Nicolet 6700 spectrometer
(Nicolet Instrument Co., USA) in the range of 400—4000 cm™". The
transparency of ZrO,/PVA nanocomposite films was characterized by
a UV—vis spectrometer (UV-2501, Shimadzu, Japan) in the range
from 200 to 800 nm. The refractive index of the films was tested by an
ellipsometer (UVSEL, HORIBA, France) in the wavelength range of
260—800 nm.

3. RESULTS AND DISCUSSION

Figure 1 displays representative TEM images, the correspond-
ing particle size distribution, the digital photograph, and the
FTIR spectrum of the as-prepared aqueous dispersion of ZrO,
nanocrystals. It could be clearly seen that the near-spherical
ZrO, nanoparticles had a narrow size distribution with an
average diameter of 7 nm. Despite no surface modification, the
aqueous dispersion of ZrO, nanocrystals still had high
transparency and could maintain a long-term stability for over
18 months without precipitation. No use of surface modifiers
was beneficial to optical high-refractive-index applications
without the interference from the organic modification layer.
Previously, Chung et al.*” reported that the ZrO, nanocrystals
modified by butyric acid and silane had an obviously decreased
refractive index of 1.762 (@589 nm), which was much lower
than an intrinsic refractive index of ~2.2 (@589 nm) of ZrO,
nanocrystals without modification. In this study, the possible
formation reason of stable aqueous dispersion of ZrO,
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Figure 1. TEM image (A), high-resolution TEM (HRTEM) image (B), and particle size distribution (C) (the inset is a digital photograph of ZrO,
nanodispersions with a solid content of 1 wt %) and FTIR spectrum of ZrO, nanocrystals.

nanocrystals without modification is that zirconium hydroxide
precursor is created in a homogeneous acid environment
without any precipitate. Oxygen vacancy is thus formed in the
crystal lattice, thereby leading to the generation of ZrO,
nanocrystals with high positive charge in the condensation
process, as shown in Scheme 1. The surface potential of as-
prepared aqueous dispersion of ZrO, nanocrystals was high
enough (+53.7 mV) so that the Coulomb force could prevent
particles from agglomeration and form a stable dispersion. In
addition, the clear lattice image of isolated particles indicated
the high crystallinity of the as-synthesized nanocrystals. The
lattice spacings of 0.286 and 0.312 nm corresponded to (111)
and (—111) planes of the M-ZrO, structure, respectively,
whereas the lattice spacing of 0.254 nm corresponded to the
(110) plane of the T-ZrO, structure. The results demonstrated
that the obtained ZrO, nanocrystals existed in both monoclinic
and tetragonal phases. To analyze the composition of ZrO,
nanocrystals, FTIR was further performed. The result indicated
that the broad band around 3300 cm™' resulted from the OH
groups on the surface of ZrO, nanoparticles.”* The band
centered upon 1616 cm™" was related to the coordinated water
because of the —OH bending mode of molecular water.”® The
multiple peaks around 1397 cm™ could be assigned to the
coordinatively unsaturated O72—Zr*" pairs.”® The weak band
around 1037 cm™" was ascribed to zirconyl group Zr=0. The
strong peak in the range of 400—700 cm™' was the Zr—O—Zr
vibration mode.*’

Figure 2 shows the XRD pattern and Raman spectrum of the
as-prepared ZrO, nanocrystals. As shown in Figure 2A, the
diffraction peaks at 24.16°, 24.63°, 28.34°, and 31.48° belonged
to monoclinic phase ZrO, according to PDF 80-0966.
However, it is hard for the diffraction peaks at 30°, 35°, 50°,
and 60° to distinguish cubic and tetragonal phases of ZrO,
according to PDF 88-1007 and PDF 49-1642. The results
indicated that the as-prepared ZrO, nanocrystals were a
mixture of monoclinic and tetragonal (or cubic) phases, and
XRD analysis was insensitive to identifying the tetragonal and
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Figure 2. XRD pattern (A) and Raman spectrum (B) of ZrO,
nanocrystals.

cubic phases of ZrO,. To make a distinction between tetragonal
and cubic phases, Raman spectroscopy was used as an
additional technique (Figure 2B). There were 14 out of 18
theoretically predicted monoclinic bands.*” The strong peaks at
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145, 270, 456, and 646 cm™! were assigned to the tetragonal
phase because cubic ZrO, had a broad band in the range of
530—670 cm™'.>° Therefore, Raman results completely proved
that the as-obtained ZrO, nanocrystals were a mixture of
coexisting monoclinic and tetragonal phases, which was in good
accordance with the above TEM data.

To obtain transparent dispersions of pure monoclinic and
tetragonal phase ZrO, nanocrystals, hydrothermal temperature
and medium were altered. Hydrothermal temperature was first
changed at the same hydrothermal medium. Figure 3 shows
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Figure 3. XRD patterns of ZrO, nanocrystals prepared at different
hydrothermal temperatures.

XRD patterns of ZrO, nanocrystals prepared at varying
hydrothermal temperatures in the range of 150—230 °C for
10 h. Clearly, decreasing the hydrothermal temperature to 150
°C caused the simultaneous crystallinity weakening of
monoclinic and tetragonal phases of ZrO, nanocrystals. Upon
increasing the hydrothermal temperature from 170 to 230 °C,
there was a gradual increase of the intensity of diffraction peaks
at 28.34° and 31.48° belonging to the monoclinic (—111) and
(111) lines, whilst the (101) line at 30.27° of tetragonal ZrO,
gradually disappeared between the two monoclinic lines. In
order to quantitatively elucidate ZrO, polymorph, Table 1 gives

Table 1. Mass Fraction of Monoclinic Phase of the Products
Obtained at Different Hydrothermal Temperatures

hydrothermal temperature (°C) M-ZrO,/wt %

150 0.284
170 0.551
190 0.608
210 0.713
230 1.000

the mass fraction of monoclinic phase of ZrO, nanocrystals
obtained at the corresponding hydrothermal temperatures,
which is calculated by Jade 6. With the increased hydrothermal
temperature from 150 to 230 °C, the mass fraction of M-ZrO,
phase obviously increased from 0.284 to 1. At this time, the
mixed crystal phase was successfully converted to the pure
monoclinic phase at 230 °C, indicating that higher hydro-
thermal temperature favored the formation of M-ZrO, phase.
Figure 4 shows typical TEM images and the corresponding
digital photograph of aqueous dispersion of pure M-ZrO,
nanocrystals. Clear lattice fringes with a lattice spacing of
0.316 nm were obviously observed, corresponding to the
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Figure 4. TEM image (A) and HRTEM image (B) of pure M-ZrO,
nanocrystals (the inset is a digital photograph of M-ZrO, nano-
dispersions with a solid content of 1 wt %).

(—=111) plane of M-ZrO, nanocrystals. As compared to the
counterpart with mixed crystal phases, aqueous dispersion of
pure M-ZrO, nanocrystals had chainlike particles with an
almost unchanged size and a very slightly decreased trans-
parency, but it still possessed an excellent stability.

To obtain pure tetragonal phase ZrO, nanocrystals, the
choice of hydrothermal medium is crucial. Li et al.*' reported
that pure M-ZrO, and T-ZrO, nanocrystals were obtained in
water and methanol, respectively. In our work, water as a
hydrothermal medium was partially replaced with EG. Figure 5
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Figure S. XRD patterns of ZrO, nanocrystals prepared in the water—
EG mixed solvent with a volume ratio of 1:2 as a hydrothermal
medium at different hydrothermal temperatures.

displays XRD patterns of ZrO, nanocrystals prepared in the
water—EG mixed solvent with a volume ratio of 1:2 as a
hydrothermal medium at different hydrothermal temperatures
in the range of 180—240 °C for 10 h. With the increase of
hydrothermal temperature to over 220 °C, there were strong
diffraction peaks ascribed to pure tetragonal phase. Figure 6
shows TEM images and the corresponding digital photograph
of the as-obtained dispersion of pure T-ZrO, nanocrystals. The
transparent nanodispersion had a slightly increased particle
aggregation possibly owing to the change of hydrothermal
medium and higher hydrothermal temperature. In addition,
there were clear lattice fringes with the lattice spacing of 0.299
nm, corresponding to the (101) plane of T-ZrO, nanocrystals.
Interestingly, it is hard for other volume ratios of water—EG to
achieve transparent dispersion of pure T-ZrO, nanocrystals.
The related formation mechanism still needs to be further
investigated.
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Figure 6. TEM image (A) and HRTEM image (B) of pure T-ZrO,
nanocrystals (the inset is a digital photograph of T-ZrO, nano-
dispersions with a solid content of 1 wt %).

Figure 7 gives the digital photographs of aqueous dispersions
of ZrO, nanocrystals with different solid contents, as well as

Figure 7. Digital photographs of aqueous ZrO, nanodispersions with
different solid contents, and ZrO, nanodispersions with different
dispersion media and the same solid content of 1 wt %.

ET, dimethyl sulfoxide (DMSO), acetic acid (HAc), EG, and
DME dispersions of ZrO, nanocrystals with a solid content of 1
wt %. Obviously, when the solid content was below 5%, clear
and highly transparent ZrO, nanodispersion was visually
identical to water. In addition, the transparency of ZrO,
nanodispersions only slightly decreased with the increased
ZrO, solid content from S to 15 wt %. ZrO, nanodispersions
still maintained a good transparency when the solid content
reached as high as 35 wt %, which was beneficial to optical high-
refractive-index nanocomposite applications. Furthermore, the
as-prepared ZrO, nanocrystals could be readily dispersed in
many solvents with high polarity including ET, DMSO, HAc,
EG, and DMF, forming long-term stable and transparent
nanodispersions.

Figure 8 shows the digital photographs, the optical
transmittance, and the refractive index of PVA/ZrO, nano-
composite films with different ZrO, contents prepared with
transparent ZrO, nanodispersions and ZrO, nanopowders. The

6810

Owt.% 10wt.% 30wt.% 50 wt.% 70 wt.% 80 wt.%

AN

100
904 C

>

X 80

~ 4
@ 70
g 4

60

g 50-~ » P T .

-E ] 6\388"'" ”_“,.....,“.“:?\
z 4] 1 '
< 304 ——0 wl.%.‘é
1 1 e 10wt% | 2%
= 204 e sowe% | & g T

10 —— 80 wt.% e
< 400 4&0 500 5'50 64‘)0 650 700)
0 Wavelength (nm)
T T T T T
300 400 500 600 700 800
Wavelength (nm)
2.00
D —=—0 wt% (1.528)
195 —e— 10 wt.% (1.541)
1.90 —A—30 wt.% (1.561)
2 —v— 50 wt.% (1.612)

= 188 —— 70 wt.% (1.704)
= 180 —<«— 80 wt.% (1.754)
] |

1.75

£ !

S 1.70 :
]

o= 165 X

é 1.60 X
1.55
1.50 589I nm

T T T T T T T T T T
300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)
ZrO, Content (wt.%)
) 0 10 20 30 40 50 60 70 80 90 100
’l T T T T T T T T T T T
L E D
2.0 [ ,zr’ﬂg
D = @
"g 19
ol L el o
o Extrapolate L
> 18 4
= (44.8vol.%) .~ (80 wt%)
(5]
®
1.7
5
m 1.6 |-
L5t 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
ZrO, Content (vol.%)

Figure 8. Digital photographs (A,B), the optical transmittance (C),
and the refractive index (D,E) of PVA/ZrO, nanocomposite films with
different ZrO, contents prepared from transparent ZrO, nano-
dispersions (A) and ZrO, nanopowders (B).
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Table 2. Comparison of Reported Different Transparent Polymer/ZrO, Nanocomposites with High Refractive Index

refs ZrO, diameter/nm polymer matrix
24 6 polyimide
21 6.1 PEO
S1 5.5 PVT
47 6.6 oligosiloxane
this work 7 PVA

refractive index

1.632—1.804 (@633 nm)
1.45—1.70 (@589 nm)

1.533—1.649 (@633 nm)
1.541-1.625 (@589 nm)
1.528—1.754 (@589 nm)

ZrO, content in nanocomposites
0—50 wt %
0—70 wt % (42 vol %)
0—61.5 wt % (21.5 vol %)
0—-51.7 wt % (37.7 vol %)
0—80 wt % (44.8 vol %)

nanocomposite films from transparent ZrO, nanodispersions
exhibited an excellent optical transparency (Figure 8A). With
the increase of ZrO, content from 0 to 80 wt % in the
nanocomposite film, the visible light transmittance in the range
of 400—800 nm had only a slight decrease. The nanocomposite
film had still an enough high transmittance of over 80% even
when the ZrO, content was up to as high as 80 wt % (Figure
8C). In contrast, the corresponding nanocomposite films
containing ZrO, nanopowders were transparent only at a
ZrO, content of <10 wt %. However, it could be clearly
observed that the films gradually became translucent and then
opaque with the increased ZrO, powder content from 10 to 70
wt % (Figure 8B). Figure 8D shows the refractive index
dispersion of the obtained films with different ZrO, solid
contents in the range of 260—800 nm. Figure 8E displays the
refractive index of the obtained films with different ZrO,
volume contents and the corresponding weight contents at a
wavelength of 589 nm. Obviously, the refractive index of PVA/
ZrO, nanocomposite films (#py,/z0,) increased linearly (R* =

0.9973) with the increased ZrO, volume fraction (¢,0,) from
0 to 44.8%, which followed the following equation

Mpvaszo, = 05169, o + 1.526

This is consistent with the effective medium theory of
polymer nanocomposites.”’ ~>> The highest refractive index
could reach 1.754 by increasing the corresponding mass
fraction of ZrO, to 80%. By extrapolation, the refractive
index of >2.0 could be theoretically achieved at a solid content
of >98% in this system. However, it is very difficult to obtain
higher refractive index by further increasing the content of
ZrO, nanoparticles in this nanocomposite film. Table 2 gives
the comparison of reported different transparent polymer/ZrO,
nanocomposites with high refractive index. Clearly, with the
similar particle size of about 6 nm, the highest ZrO, filling
amount of 80 wt % in transparent polymer matrix was realized
in this work, thereby demonstrating the great potential of ZrO,
nanodispersion with high transparency, high solid content, and
stability by this route in optical applications.

4. CONCLUSIONS

Highly transparent aqueous dispersions of ZrO, nanocrystals
with tunable crystalline phase were prepared via the reaction of
inexpensive ZrOCl, and NaOH in water under an acid
surrounding, combined with hydrothermal treatment. The as-
prepared ZrO, nanodispersions had an average particle size of 7
nm, a high solid content of 35 wt %, and an excellent stability of
over 18 months. Furthermore, highly transparent PVA/ZrO,
nanocomposite films with high refractive index were fabricated
using a simple solution mixing method by adding transparent
dispersions of ZrO, nanocrystals with high solid content into
PVA solution. The refractive index could be altered in the range
of 1.528—1.754 (@589 nm) by changing the mass fraction (0—
80 wt %) of ZrO, nanocrystals in transparent nanocomposite
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films. It could be envisioned that such highly transparent
organic—inorganic nanocomposites with high refractive index
would be promising for various optical applications, including
antireflection coatings, ophthalmic lenses, prisms, optical
waveguides, nonlinear optical materials, adhesives for optical
components, and so forth.
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