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A B S T R A C T

We report the synthesis of highly dispersible zirconia (ZrO2) nanoparticles in sub-kilogram-scale by hydro-
thermal process coupled with alkaline hydrogen peroxide (AHP) treatment, with detailed studies on the effects of
experimental parameters. Under optimized experimental condition, which was hydrothermal reaction at 110 °C
for 6 h with mole ratio of sodium hydrate to zirconium carbonate basic in reactants as 2.3, pure-phase cubic-ZrO2

nanoparticles are obtained. Followed by AHP treatment of the ZrO2 nanoparticles at 50 °C for 5 h in 0.4M
hydrogen peroxide and 4M sodium hydrate, the dispersibility of ZrO2 nanoparticles in aqueous suspension was
enhanced due to the introduced Zr-OH groups on the surface. ZrO2 nanodispersion with solid content of 37 wt%
in aqueous solution exhibited a uniform hydrodynamic size of 14.15 ± 5.834 nm and was stable for over six
months without significant aggregates. Transparent hybrid optical resins with tunable refractive index in the
range of 1.55–1.71 were prepared by solution blending method using ZrO2 nanoparticles as composite fillers in
polyvinyl alcohol substrate. Compared with pure polyvinyl alcohol resin, the hybrid resin exhibits significant
enhanced mechanical properties. Sub-kilogram-scale preparation of highly aqueous dispersible ZrO2 nano-
particles offers possibility for practical applications.

1. Introduction

In recent years, the application of nanomaterials in new optical
resins and electronic devices has received increasing attention [1–5]. A
wide variety of nanomaterials, including carbon nanomaterial [6–8],
semiconductor quantum dots (QDs) [9,10], rare-earth doped upcon-
version nanoparticles [11–13], metal oxide nanomaterials [14–16],
have found great potential applications in the field of optoelectronics
and beyond [17,18]. Among them, zirconia is a metal oxide having high
melting point, high electrical resistivity, high refractive index (RI) and
low coefficient of thermal expansion [19]. Due to the low cost, dur-
ability, and inactive chemical properties (not easily soluble in strong
acid and alkali), ZrO2 has been one of the most studied ceramic ma-
terials [20–22]. In recent years, along with the rapid development of
nanoscience and nanotechnology, ZrO2 nanoparticles (NPs) have been
emerging as attractive materials for high RI nanocomposites
[15,23,24]. The commercial available ZrO2 NPs are usually mixed

crystals of multiple phases and composed of aggregates with sizes of
hundreds of nanometers to several micrometers. On one hand, produ-
cing phase-pure ZrO2 NPs is important because phase purity defines
their properties such as hardness, density and RI. Recently, our group
reported the synthesis of aqueous ZrO2 nanoparticles with a con-
trollable crystalline phase (monoclinic and tetragonal) via the reaction
of inorganic zirconium salt and sodium hydroxide in acid aqueous
surrounding followed by hydrothermal process [23]. However, it is still
challenging to realize the controllable preparation of pure cubic ZrO2

NPs at low-cost and low energy-consumption.
One the other hand, the cost effective methods for controlling the

dispersion of ZrO2 NPs in polymeric hosts is a stumbling block to the
large-scale production and commercialization of ZrO2 based nano-
composites for advanced applications [15]. The commercial available
ZrO2 NPs are usually composed of particle aggregates with size of over
hundreds of nanometers. A homogenous dispersion of the inorganic
filler on the nanoscale is important in many applications, especially for
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optical and optoelectronic devices in which the light transmission plays
the critical role [11,15,23]. For instance, transparent hybrid optical
resins with tunable refractive index using ZrO2 NPs as fillers are highly
required for advanced glasses and encapsulation [15,23]. Therefore, the
issues related to scale-up, cost and compatibility of functional NPs must
be considered at an earlier stage of development. The proper surface
treatment of nanoparticles is the key to solving the problems of dis-
persion and compatibility.

Nowadays, the mixture of NaOH and H2O2, known as alkaline hy-
drogen peroxide (AHP), has been used as an effective surface treatment
for commercial crystalline TiO2 [25,26]. The AHP treated TiO2 NPs had
significantly enhanced visible-light photocatalytic degradation of dye
contaminants compared to untreated TiO2 NPs [26]. The AHP treat-
ment as a pulping and bleaching method was originally used in pa-
permaking industry [27], and also was used for biomass pretreatment
[28–30]. In addition to the TiO2 NPs related articles mentioned above,
this method is rarely reported for the treatment of other NPs. The AHP
treated TiO2 NPs has a large number of hydroxyl groups on the surface
to form a uniform and stable aqueous phase nanodispersion. Therefore,
with the previous applications of the AHP method, it is worthwhile to
try to prepare ZrO2 nanodispersion on a large scale by the AHP method.
At the same time, it should be pointed out that although the ZrO2 NPs
and TiO2 NPs are both treated by the AHP treatment, the formation
mechanism is different. The main reason is that TiO2 NPs will dissolve
in the AHP solution [25], but ZrO2 NPs will not dissolve. The AHP
treatment only can change the surface properties of ZrO2 NPs. There-
fore, the quality of ZrO2 NPs before and after AHP treatment is not
changed much, even if there is a loss, it is produced during the washing
process. Therefore, the AHP method is more suitable for treating ZrO2

NPs than TiO2 NPs.
Herein, we propose a method for the synthesis of highly dispersible

cubic phase ZrO2 NPs by hydrothermal process coupled with AHP
treatment. The agglomerated ZrO2 NPs treated by the mixture of NaOH
and H2O2 are highly dispersible in aqueous solution and can be pre-
pared at sub-kilogram-scale in one batch reaction. The as-prepared
cubic-ZrO2 aqueous nanodispersion can be used to prepare thin com-
posite films with high refractive index, and as filler in polymers to
enhance optical and mechanical properties, which are both discussed in
detail in our study.

2. Materials and methods

2.1. Materials

Deionized water used in this study was purified by a water pur-
ification system (Smart-S30, Hitech). Sodium hydroxide (NaOH), zir-
conium (IV) carbonate basic (ZCB,> 40wt% ZrO2), ethanol (ET), hy-
drogen peroxide (H2O2, 30%), nitric acid, methanol (MT), ethylene
glycol (EG), glycerol (VG), and dimethyl sulfoxide (DMSO) were pur-
chased from Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). Polyvinyl alcohol (PVA) with a degree of polymerization of
1750 ± 50 and a saponification degree of 98–99% was bought from
Tianjin Fuchen Chemical Reagents Factory. Commercialized ZrO2 na-
nopowder was purchased from Sigma-Aldrich (544760,< 100 nm
particle size). All the chemical reagents used in this work were analy-
tically pure and were used without further purification.

2.2. Preparation of zirconia aqueous nanodispersion

A two-step procedure is applied in this work to synthesize the ZrO2

aqueous nanodispersion. A slurry of ZrO2 was first obtained from a
hydrothermal process under extreme alkaline condition. The as-pre-
pared slurry was then treated with AHP treatment to allow the growth
of hydroxyl groups on ZrO2 NPs surface. The representative preparation
procedure of the whole experiment is depicted as in Scheme 1. First, the
growth of −Zr−O−Zr− networks from hydrolysis and condensation

reaction of ZCB in the alkaline environment of pH=13. This step ZrO2

NPs had been produced, but the agglomeration degree of ZrO2 NPs is
serious. Second, the perhydroxyl anion (HOO−) produced by H2O2

promoted the growth of ZrO2 NPs surface hydroxyl groups in alkaline
environment [26]. Later, the structure of Zr-O-Na could be exchanged
by H+ and to form Zr-OH bonds in the acid environment [25].

Typically, 20 g of NaOH was dissolved in 40mL of deionized water
at room temperature. Then 20 g of ZCB along with the as-prepared
sodium hydroxide solution was transferred into a hydrothermal reactor.
The reactor was heated at 110 °C for 6 h to form ZrO2 crystal structure.
At the same time, we also studied the influencing factors such as re-
action temperature, reaction time, and the ratio of Na (mol)/carbonate
(mol). The AHP treatment with different NaOH and H2O2 concentration
gradients were applied to the ZrO2 slurry which mentioned before. For
the optimum condition, 85mL of deionized water was added to the as-
prepared ZrO2 slurry to achieve the NaOH concentration of 4M. Under
vigorous stirring and a temperature of 50 °C, 5.1mL of H2O2 (0.4M)
was added dropwise into the mixture. After 5 h of reaction, the mixture
was centrifuged to remove the excess alkane solution. Subsequently, the
ZrO2 precipitate was rinsed with deionized water to remove as much
alkane as possible. Finally, aqueous nitric acid (1.5 M) was added to the
rinsed precipitation to form a solution which pH value was 1.0. A
transparent and stable colloid of ZrO2 NPs can be obtained after stir-
ring. The yield of AHP treatment for zirconia nanoparticles is about
58.4%. The main mass loss during two-step reaction was mainly hap-
pening during the deionized water washing steps, which a portion of
ZrO2 NPs were dispersed in the water and taken away. The dosage of all
chemical reagents can be amplified with the same magnification for
large-scale manufacturing of ZrO2 aqueous dispersion. However, when
considering mass transfer and heating transfer during the reaction,
stirring throughout the reaction should be comparatively stronger when
the producing scale is significantly larger.

2.3. Preparation of transparent PVA/ZrO2 nanocomposite film

The PVA/ZrO2 nanocomposite films with different solid contents
were prepared by simple mixing of PVA with the as-prepared aqueous
cubic-ZrO2 nanodispersion. Typically, stirring while heating at 90 °C in
deionized water can dissolve PVA within 1 h. Then, to get a solid
content of PVA/ZrO2 mixtures with gradient, different amount of ZrO2

aqueous dispersions were added into PVA - after which the mixture was
sonicated for 5min to generate a homogeneous solution. Consequently,
the as-prepared PVA/ZrO2 solutions were coated on glass slide or si-
licon slide to form PVA/ZrO2 nanocomposite films by a spin-coating
machine (Spin Coater, KW-4A). After heating and drying in a vacuum
oven at 90 °C for 6 h for removing solvent. For the mechanical prop-
erties of PVA/ZrO2 nanocomposite films, we prepare splines according
to international standards (ISO 527-3:1995, IDT). Specifically, an
aqueous solution of the composite having a solid content of 20% by
weight (contains ZrO2 and PVA) was coated on a PET substrate and
then heated at 50 °C in a vacuum oven for 5 h. Finally, the formed PVA/
ZrO2 nanocomposite film was peeled off from the PET substrate and cut
into the shape of a standard spline for testing.

2.4. Characterization

The transmission electron microscope (TEM) images of the ZrO2 NPs
were taken using a Hitachi HT-7700. Zeta potential and size distribu-
tion of the ZrO2 NPs were determined by DLS (Nano ZS90, Malvern).
The X-ray diffraction (XRD) patterns of the samples were measured by
an XRD-6000 diffractometer (Shimadzu Inc.). The Raman spectrum of
the samples was measured by a micro-Raman spectroscopy system
(Excitation wavelength 514 nm, Renishaw inVia). A PerkinElmer
spectrum GX FTIR spectroscopy system was used to record the Fourier
transform infrared spectroscopy (FTIR) spectra of solid samples. The X-
ray photoelectron spectroscopy (XPS) measurements were carried out
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by using a 250XI X-ray photoelectron spectrometer (Shimadzu Inc.).
Thermogravimetric analysis (TGA) and differential scanning calori-
meter (DSC) were performed by using a Q50 TGA from TA Instruments.
Surface morphology of the hybrid films were examined by using a
scanning electron microscope (SEM, Hitachi S4800). The RI of the films
was measured by an ellipsometer (UVSEL, HORIBA, France) in the
range of 250 nm to 800 nm. UV–vis absorbance and transmittance re-
sults were tested with a Varian Cary 50 spectrophotometer. The dis-
persibility of ZrO2 NPs could be quantitatively evaluated by the fol-
lowing equation [31]:

= ×D T
T

% 100%24
0

24

where D24% was the transmittance change of the dispersion, T0 and T24
were the transmittances of initial ZrO2 nanodispersion and the ZrO2

nanodispersion after standing for 24 h, respectively [26]. The higher
the value of D24%, the better of the dispersibility of ZrO2 nanodisper-
sion.

3. Results and discussion

The crystal form change of ZrO2 NPs under different hydrothermal
conditions was studied. Firstly, the influencing factor of this work is the
ratio of NaOH to ZCB (Na(mol)/carbonate(mol), abbreviated as Na/C).
Fig. 1a shows the XRD patterns of the samples of the ZrO2 NPs by the
hydrothermal method under the radio of Na/C from 0.77 to 3.83. It can
be obviously observed that all of the diffraction peak positions of the
samples were in good agreement with the International Center for
Diffraction Data (ICDD) for cubic ZrO2 crystal (PDF: 49-1642). The
diffraction peaks of ZrO2 at 30.12°, 34.96°, 50.22°, and 59.74°, which
correspond to the crystal planes of (111), (200), (220), and (311) re-
spectively. It can be found that as the ratio of Na/C decreases, the grain
size of the ZrO2 NPs becomes larger according to Scherrer's equation.
The Raman scattering spectrum reveals the characteristic peak of cubic
ZrO2 at 500–600 cm−1, proving another evidence for the formation of
cubic ZrO2 (Fig. 1b) [32].

When the molar ratio of Na/C reaches 0.38, the ZrO2 NPs are not in
pure cubic phase, and some ZrO2 NPs are in monoclinic phase. As
shown in Fig. 1c, the diffraction peaks at 24.16°, 24.63°, 28.34°, and
31.48°, which belonged to monoclinic phase ZrO2 (PDF:80-0966).
However, it is difficult for distinguishing cubic and tetragonal phases of
ZrO2 NPs according to PDF 49-1642 and PDF 88-1007. To make a
distinction between tetragonal and cubic phases, Raman spectroscopy
was used as an additional technique (Fig. 1d). From the Raman spec-
trum, it can be found that the crystal phase of ZrO2 is a mixture of cubic
phase and monoclinic phase. The strong peaks at 180, 340, 380, and
480 cm−1 were assigned to the monoclinic phase [23] and the broad
band in the range of 500–600 cm−1 can be observed as the character-
istic peaks of cubic ZrO2 [23,33]. Since a mixed phases material may

undergo phase transformation in the subsequent process, some pro-
blems caused by changes in volume and shape during the phase change
[34–37]. Simultaneously the cubic phase ZrO2 has the highest sym-
metry and lowest aspect ratio among three phases, so it is desirable to
prepare uniformly dispersed cubic-ZrO2 nanodispersion. Therefore, in
combination with the previous experiments, it is crucial to increase the
ratio of the Na/C to a reasonable range.

It can be found from Fig. 2a that as the reaction temperature in-
creases from 110 to 200 °C, the phase of zirconia does not change and
always is cubic phase. But as the temperature increases, the grain size of
ZrO2 NPs becomes large. At the same time, the Raman spectrum in
Fig. 2b also proves this. It can be seen from Fig. 2c–d that the time of
the reaction has no significant effect on the crystal phase and the par-
ticle size of the ZrO2 NPs. Therefore, the preparation of highly crys-
talline cubic-ZrO2 NPs can be prepared just in a short time and at a
lower reaction temperature than general approach [23]. This is im-
portant for whether it can perform large-scale amplification experi-
ments. Fig. S1 shows the change of ZrO2 NPs phase at different calci-
nation temperatures. The phase of ZrO2 NPs can be analyzed by XRD
and Raman to remain unchanged as cubic phase under the condition of
room temperature to 500 °C. As the calcination temperature increases,
the ZrO2 NPs changes from a single cubic phase to a mixed crystal phase
of a cubic phase and a monoclinic phase at 700 °C. This puts new de-
mands on the ZrO2 NPs prepared by this method. If the temperature
exceeds 700 °C in the application process, the volume change caused by
the crystal phase change of NPs needs to be considered. In this case, it is
necessary to dope some other oxides in ZrO2 NPs to stabilize the crystal
phase, such as calcium oxide [38,39], cerium oxide [40–42], and yt-
trium oxide [43,44], etc.

The DLS-based size distribution of the ZrO2 NPs sample (Na/
C=3.06, 110 °C, 6 h) was shown in Fig. S2. From the results of the
particle size, it can be found that the distribution was narrow, but the
degree of particle agglomeration was serious. Then this solid sample
was added to the water, and it is completely precipitated at the bottom
for about 10min, and cannot be uniformly dispersed in the water. Large
areas of agglomeration had also been observed by TEM (Fig. S3),
mainly due to the excessive surface energy of the nanoparticles. The
agglomeration of ZrO2 NPs is what the researchers want to avoid. In
principle, to make the ZrO2 NPs disperse uniformly and stably in water,
generally two steps are required. One is to give a force to separate the
agglomerated ZrO2 NPs; the other is to give a stable repulsion force on
the surface of the disassembled nanoparticles to make them stably
dispersed. The repulsion force generally has two types of steric effect
and electrostatic effect. The steric effect is generally achieved by
grafting various coordination groups on the surface, such as fatty acids
and silane coupling agents [15,32]. In the method used in this paper, no
coordination group is used, and the stability of the nanoparticles is
mainly due to electrostatic effect. The particle size distribution and
colloidal stability of AHP-treated ZrO2 were investigated by DLS and

Scheme 1. Schematic diagram of the routes for the preparation of highly dispersible ZrO2 NPs.

X. He, et al. Applied Surface Science 491 (2019) 505–516

507



UV–vis transmittance change (D24%). Fig. 3a–d show the performance
of AHP-treated ZrO2 under functions of NaOH concentration and H2O2

concentration. As shown in Fig. 3a, the Z-average particle size de-
creased first and then increased with an increase of NaOH concentra-
tion up to 10M. The colloidal stability increased dramatically first then
decreased with an increase of NaOH concentration. The results found
that the concentration of NaOH is too low or too high, which will cause
serious agglomeration of ZrO2 NPs. ZrO2 NPs can form a stable dis-
persion because during the pickling process, H ions form an electric

double layer with the surface of the zirconia. The whole ZrO2 NPs are
positively charged, and the repulsive action of the charge forms a stable
dispersion. Therefore, the degree of dispersion of zirconia should also
be determined by the concentration of H ions on the surface, which
depending on the degree of hydroxylation of the zirconia surface [45].
The hydroxylation of the surface of the ZrO2 NPs depends on the degree
of contact of the surface of the zirconia with the H2O2 and the degree of
reaction. The reaction of the surface of ZrO2 NPs and H2O2 is achieved
under alkaline conditions, in which case the ZrO2 surface is negatively

Fig. 1. (a) XRD patterns of the ZrO2 NPs under the ratio of the Na/C from 0.77 to 3.83; (b) Raman spectrums of the ZrO2 NPs under the ratio of the Na/C from 0.77 to
3.83; (c) XRD patterns of the ZrO2 NPs under the ratio of the Na/C is 0.38. (d) Raman spectrum of the ZrO2 NPs under the ratio of the Na/C is 0.38.

Fig. 2. (a) XRD patterns of the ZrO2 NPs under temperatures from 110 °C to 200 °C; (b) Raman spectrums of the ZrO2 NPs under temperatures from 110 °C to 200 °C;
(c) XRD patterns of the ZrO2 NPs under times from 6 to 48 h. (d) Raman spectrum of the ZrO2 NPs under times from 6 to 48 h.
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charged. When the alkalinity is enhanced, the charge repulsion is also
increased. Although the ZrO2 NPs are still in agglomerated state, the
chance of contact of the H2O2 with the surface of the zirconia is in-
creased, and the hydroxylation rate is also increased. As the con-
centration of NaOH increases continuously, the amount of ions in the
solution increases greatly, which in turn hinders the contact of H2O2

with the surface of the zirconia. Based on the above results, 4 M NaOH
was chosen as the optimum concentration. The results on the effect of
H2O2 concentration on the performance of AHP-treated ZrO2 are shown
in Fig. 3c. The Z-average particle size decreased quickly with an in-
crease of H2O2 concentration up to 1M. When the concentration of
H2O2 is 0.3M, the Z-average value of ZrO2 NPs has been reduced to

28.20 nm, and with the further increase of H2O2 concentration, the Z-
average value has not decreased correspondingly, indicating that the
near saturation of the solution affected the contact between the H2O2

and the ZrO2 surface. The colloidal stability increased dramatically first
then decreased with an increase of H2O2 concentration. This means that
if there are some residual hydrogen peroxide molecules, it will also
affect the stability of the ZrO2 NPs dispersion. The Z-average value
results are shown in Table S1 and Table S2.

Fig. 4a–c shows the TEM images of AHP-treated ZrO2. As can be
seen, ZrO2 NPs were monodisperse and spheroidal in a wide area, in-
dicating that AHP treatment can be re-modified with ZrO2 NPs surface.
This is different from the previous formation mechanism of this AHP

Fig. 3. Z-average particle size and colloidal stability (D24) of ZrO2 NPs prepared with different concentrations of (a) NaOH and (c) H2O2. DLS-based size distribution
of ZrO2 NPs prepared with different concentrations of (b) NaOH and (d) H2O2.

Fig. 4. TEM images for (a, b, c) the AHP-treated ZrO2 NPs. The particle size distribution (d) for the AHP-treated ZrO2 NPs.
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treatment for TiO2. ZrO2 is not easy to dissolve in strong acid and alkali
compared to TiO2, even in a strongly oxidizing alkaline environment in
the presence of H2O2. The untreated ZrO2 NPs showed serious ag-
glomeration and the average diameter was determined to be about
600 nm (Fig. S3). Nevertheless, AHP-treated ZrO2 well-separated pri-
mary particles with an average size of 4.19 nm (Fig. 4d). This average
diameter size is also matched to the calculated crystalline sizes in the
XRD result. It is worth mentioning that the surface of the agglomerated
ZrO2 NPs after hydrothermal are rich with carbonate groups, which is
the reason why the single ZrO2 NP do not grow up after agglomeration,
and it is also the reason why we can easily obtain sub-kilogram-scale
synthesis of highly dispersible ZrO2 NPs by AHP treatment. Besides, the
water-dispersible AHP-treated ZrO2 could be stable over months
without any surface modifier. This behavior could be considered to
electrostatic repulsion between nanoparticles [23,46–48], which results
from a high surface charge of AHP-treated ZrO2 in an acidic environ-
ment. The zeta potential of the AHP-treated ZrO2 nanodispersion was
34.2 mV. At the same time, it was observed that the powders obtained
by drying the acidic AHP-treated zirconia aqueous phase dispersion at
normal temperature (< 100 °C) can be dispersed again in water (Fig.
S4).

The AHP treatment experiment was also carried out on the pur-
chased commercial ZrO2 powder. The reaction condition is optimal for
NaOH concentration (4M) and H2O2 concentration (0.4M). The

commercial ZrO2 powder treated by AHP treatment can be acid washed
to form a transparent nanodispersion. From the DLS particle size dis-
tribution in the Fig. 5a, it was obvious observed that the ZrO2 powder
after AHP treatment was significantly smaller than the untreated ZrO2

powder. It can be seen from the result of D24% that the dispersion
stability of the ZrO2 powder treated by AHP treatment was significantly
higher than that of the untreated sample (Fig. 5b). From the comparison
of TEM images (Fig. 5c–f), it can be found that the agglomeration of the
AHP-treated ZrO2 is greatly reduced. The photographs of Fig. S5 se-
parately recorded the settlement process of the AHP-treated ZrO2 na-
nodispersion (1 wt%) and the untreated dispersion (1 wt%) at different
times from 1 h to 24 h, showed the high stability of the ZrO2 nanodis-
persion treated by the AHP treatment intuitively. This proves that the
AHP treatment method is still applicable to the general commercial
nanopowder, which shows that the AHP method has universality.

As shown in Fig. 6a, it can be seen from the XRD results that the
crystal phase of ZrO2 NPs at different stages of treatment had not
changed. The crystal phase of ZrO2 NPs is cubic phase, which means
that the AHP treatment does not change the internal crystal phase, only
the surface of ZrO2 NPs is treated. At the same time, it was found that
there was a small amount of characteristic peak of NaNO3 (PDF: 85-
0850) in the sample after acid treatment if the sample is not adequately
cleaned by water (Fig. S6). Sodium ion comes from sodium hydroxide
in AHP treatment. Since sodium ions are replaced by hydrogen ions

Fig. 5. (a) DLS-based size distribution and (b) colloidal stability of the commercial ZrO2 NPs before and after AHP treatment. TEM images for (c, d) the AHP-treated
ZrO2 NPs and (e, f) untreated ZrO2 NPs.
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during the acid treatment process, the sodium ions in the sample after
pickling can be easily removed from the surface of ZrO2 NPs, and the
XRD results of the ZrO2 NPs after washing is substantially free of so-
dium nitrate. The presence of sodium nitrate has a negative effect on
the smoothness of the composite film and the transparency of the dis-
persion, so the cleaning process is necessary. Fig. 6b shows the FTIR
spectra of ZrO2 powders at different stages. The untreated ZrO2 NPs
surface has many carbonate groups. The 1607, 1442, and 1350 cm−1

can be observed as the carbonate coordinated to the ZrO2 NPs surface
[49]. After the AHP treatment before acid treatment, new bands ap-
peared at 1572 cm−1 can be considered as the bending of OH [50]. For
the AHP treatment after acid treatment, the peak appeared at
1627 cm−1 can be considered as the bending of Zr-OH [51]. The small
spike at 1383 cm−1 can be considered as the nitrate coordinated to the
ZrO2 NPs surface [52–54]. The source of nitrate is derived from the
nitric acid used for acid treatment. The hydroxyl groups on the surface
of AHP-treated ZrO2 are significantly increased compare to untreated
ZrO2. Fig. 6c–d shows the TGA and DSC curves of the ZrO2 powders at
different stages. The weight loss curves of the unmodified ZrO2 NPs and
the AHP-treated ZrO2 NPs before acid treatment are basically the same
from 40 °C to 500 °C. However, the unmodified sample has a distinct
exothermic peak at 700 °C, presumably caused by the decomposition of
the carbonate groups. The AHP-treated ZrO2 NPs after acid treatment
have an exothermic peak at 450 °C and 690 °C due to the large amount

of surface hydroxyl groups. Fig. 6e shows Raman spectra of ZrO2 NPs at
different stages exhibited a similar broad band in the range of
500–600 cm−1 for cubic phase. The Raman spectra is processed and
normalized for semi-quantitative analysis based on the peak of
542 cm−1. The increased -OH on the surface of AHP-treated ZrO2 were
confirmed by the results where the strong and broad absorption band in
the range of 3000–3600 cm−1 were attributed to -OH on the surface of
ZrO2 [55]. The intensity of the peak at 1100 cm−1 is significantly in-
creased after acid treatment, and the peak is considered as the carbo-
nate and nitrate. It is speculated that the -OH on the surface of ZrO2 NPs
increase, and the carbonate or nitrate coordinated to the -OH is also
more, which is the main cause of the change in peak's intensity. This
proves on the side that the surface hydroxyl groups of the ZrO2 NPs are
increased after acid treatment. Fig. 6f shows XPS survey spectra of the
surface of the ZrO2 powders at different stages. It can be seen that the
elemental composition among untreated ZrO2, AHP-treated ZrO2 before
and after acid treatment are almost the same, as shown in Table S3. The
element Na was decreased in AHP-treated ZrO2 after acid treatment.
This could be attributed to the H+ replace a part of Na+ [26]. There-
fore, Na+ can be easily removed from the particle system during the
cleaning process. Another reason is that the addition of nitric acid
causes the pH of the system to fall less than the isoelectric point of ZrO2

so that the surface of the ZrO2 is positively charged, and the positive
ions such as Na+ particles are easily detached from the surface of the

Fig. 6. XRD spectra (a) of ZrO2 powders at different stages. FTIR spectra (b) of ZrO2 powders at different stages. Raman spectra (c) of ZrO2 powders at different
stages. XPS spectra (d) of ZrO2 powders at different stages. Three stages of ZrO2 powders: (1) untreated ZrO2, (2) AHP-treated ZrO2 before acid treatment, and (3)
AHP-treated ZrO2 after acid treatment.
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Fig. 7. XPS core level spectra of samples (a, c, e) Zr (3d) and (b, d, f) O (1s).

Fig. 8. (a) Photographs of aqueous ZrO2 NPs with different solid contents from 5wt% to 37.55 wt%, and (b) ZrO2 NPs with different solvent and the same solid
content of 5 wt%. (c) A photograph of 450mL aqueous cubic-ZrO2 nanodispersions with a solid content of 20 wt%.
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ZrO2. In the corresponding reason, carbonate ions are easily adsorbed
on the surface of ZrO2, which is why the ions such as carbonate and
nitrate on the surface of ZrO2 after AHP treatment increase.

Fig. 7(a, c, e), (b, d, f) shows the XPS spectra of the Zr 3d and O 1s
core levels of the ZrO2 powders at different stages, respectively. In
previous reports, Basahel [56] reported that the peaks located at 181.3
and 183.8 eV are considered to the Zr 3d components, Zr 3d5/2 and Zr
3d3/2. The binding energy of O 1s of ZrO2 NPs is located at 530.1 eV.
Kawasaki [57] measured that Zr 3d components, Zr 3d5/2 and Zr 3d3/2
for cubic phase ZrO2 NPs can be observed at 182.0 and 184.4 eV, re-
spectively. The untreated ZrO2, AHP-treated ZrO2 before and after acid
treatment appeared at about 182 and 184 eV and Zr 3d components

observed in this study are in consistent with values reported in the
literature. Navio et al. [58] reported the oxygen species of ZrO2 and
oxygen species of Zr-OH, whose binding energy is in the range of 529.8
to 530.3 and 530.9 to 532.2 eV, respectively. As shown in Fig. 7b, the O
1s broad peaks deconvolution indicated the peaks at 529.81, 531.37,
and 535.87 eV could correspond to ZreO in ZrO2, Zr-OH, and Na KLL
Auger of the untreated ZrO2 NPs, respectively. The speculation of Na
KLL Auger comes from the standard XPS spectrum of sodium bicarbo-
nate on the official website of Thermo Scientific. Among them, the peak
at 531.37 eV could correspond to mixture of Zr-OH, CeO, and C]O.
Because it was also found in Fig. S7, the C 1s broad peaks deconvolution
indicated the peaks at 284.82, 286.05, and 289.42 eV could correspond

Fig. 9. The transmittance spectra (a) and the RI (b) of PVA/ZrO2 hybrid films with different ZrO2 contents prepared from transparent aqueous cubic-ZrO2 nano-
dispersions. Digital photographs (c–d) of PVA/ZrO2 hybrid films.

Fig. 10. Stress-strain curves (a) of PVA/ZrO2 hybrid films. Tensile modulus testing results (b), tensile strength result (c), and yield strength result (d) of the samples.
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to CeC, CeO, and O-C=O the untreated ZrO2 NPs, respectively.
Figs. 7d and S8 show that no peak of the O-C=O group was found, thus
indicating that the free carbonic acid group was substantially washed
away and peaks at 530.78 correspond to mixture of Zr-OH and CeO. As
shown in Figs. 7f and S9, the peak deconvolution indicated that the
peaks at 529.76, 531.38, and 532.82 eV could correspond to ZreO in
ZrO2, the hydroxyl group and nitrate group, respectively. It is clear that
the changes of the ZrO2 surface groups before and after AHP treatment
by XPS result.

Fig. 8 presents the digital pictures of 5, 10, 20, 30, 37.55 wt%
transparent aqueous cubic-ZrO2 nanodispersions. The transparency of
the aqueous cubic-ZrO2 nanodispersion decreased with increasing
weight content, and at the same time it was found that the maximum
weight content which can be stably dispersed at 37.55 wt% (Fig. S10).
This aqueous solution exhibited a uniform hydrodynamic size of
14.15 ± 5.834 nm and was stable for over six months without sig-
nificant aggregates. Above this solid content, there will be sedimenta-
tion. Furthermore, the as-prepared ZrO2 NPs could be easily dispersed
in many solvents with high polarity including MT, ET, EG, VG and
DMSO, forming stable and transparent nanodispersions with a solid
content of 5 wt%. It can be seen from Figs. S11–S12 that the cubic-ZrO2

nanodispersion of different solvents has a high transmittance in the
visible light region and a high absorption rate in the ultraviolet light
region. At the same time, 450mL of aqueous cubic-ZrO2 nanodisper-
sions with a solid content of 20 wt% was also shown (Fig. 8c), which
also shows this method can achieve large-scale synthesis.

Pharmaceutical grade PVA, unlike chemical grade PVA, is an ex-
tremely safe polymer organic substance with non-toxic to humans, no
side effects, good biocompatibility, good film forming, and good me-
chanical properties [51,59,60]. It is widely used in ophthalmology,
wound dressings and artificial joints, and is also used in polyvinyl al-
cohol film in medical films, artificial kidney films and the like. Due to
the high RI of ZrO2 [61] (n=2.2), one of promising applications of
ZrO2 fillers is to make high RI composite polymers. PVA is very suitable
as a matrix for aqueous cubic-ZrO2 nanodispersion due to its good
water solubility and film forming properties. Fig. 9a shows the trans-
mittance spectra of nanocomposite films with different concentrations
of ZrO2 embedded in PVA. PVA films showed high transparency in the
visible region with the content of ZrO2 in the range of 0–20wt%. With
the increase of ZrO2 content from 30 to 70wt% in the hybrid films, the
visible light transmittance in the range of 400–800 nm had a decrease.
The RI of hybrid films with different ZrO2 solid contents in the range of
250–800 nm were measured and the results are presented in Fig. 9b, in
which the RI of the hybrid film is increased as the content of ZrO2

increases. The high RI could reach 1.71 (500 nm) by increasing the
corresponding mass fraction of ZrO2 to 70%. Fig. 9c–d shows that a
PVA/ZrO2 nanocomposite film having a zirconia addition amount of
20% by weight has excellent transparency and bendability, and the
thickness of the film is about 0.1mm.

Fig. 10a shows the stress-strain curves for PVA/ZrO2 nanocomposite
films, whose solid content ranges from 0wt% to 70wt%. There is a
significant increase in the toughness with the addition of AHP treated

ZrO2 NPs, where samples with 8 wt% ZrO2 has the highest toughness.
Also, when comparing to the pure PVA sample, the elongation per-
centage is significantly increased (about seven times greater when the
solid content is 20 wt%). The addition of ZrO2 NPs increases the optical
properties and mechanical properties of the PVA/ZrO2 nanocomposite
film such as refractive index and toughness, which greatly expands the
application of the nanocomposite film. Fig. 10b shows the tensile
modulus, and the material is more flexible when the solid content is
around 10 wt% and is more rigid when either the solid content is too
high or too low. According to Fig. 10(c–d), samples with higher solid
content are more ductile (under 10 wt%). It shows the addition of ZrO2

NPs can significantly toughen the polymer matrix, and the sample with
10 wt% ZrO2 has the best toughening effect and greatest tensile
strength. Consequently, the tensile strength increased from 31.47MPa
to 67.77MPa and the yield strength increased from 11.36MPa to
41.31MPa. When the solid content exceeds 10 wt%, the material then
becomes more brittle is subjugated to sudden crack. The addition of
ZrO2 NPs causes stress concentration in the PVA matrix, which can
cause the formation of silver streaks and absorb a certain deformation
work. At the same time, if the amount of ZrO2 NPs added is too large,
the particles are too close and have developed macroscopic cracking, so
the performance of the materials is rather reduced. Compared with
previous work [62], the toughening effect is much greater in our work.
The reason is that the grain size of the ZrO2 NPs added in this work is
much smaller than other work [62]. At the same time, the uniform
dispersion of the AHP treated ZrO2 NPs in the PVA mixed solution is
also good, and we can find that the composite film in other literatures is
not transparent [62]. This greater enhancement of mechanical prop-
erties should be giving credit to the homogeneity of ZrO2 NPs in the
PVA matrix.

The contact angle increases continuously from 17.0° to 98.1° when
ZrO2 content increases from 0wt% to 50wt%, indicating the in-
corporation of ZrO2 NPs can enhance the hydrophobicity of the PVA
matrix (Fig. 11). Notably, the nanocomposite film becomes hydro-
phobic when the solid content reaches 50 wt%, which shows the po-
tential for preparing hydrophobic PVA films. When adding aqueous
ZrO2 NPs into the PVA matrix, hydroxyl groups on the polymer chains
tend to form hydrogen bonds with hydroxyl groups on ZrO2, which
allows less free hydroxyl groups to form hydrogen bonds with water
molecules. Thus, the film becomes more and more hydrophobic when
adding a certain amount of ZrO2. However, when there is too much
ZrO2 in the matrix, excess hydroxyl groups on ZrO2 will start to bond
with water and lower the hydrophobicity.

4. Conclusion

We reported a facile, repeatable and green method to synthesize
highly transparent and stable cubic-ZrO2 aqueous nanodispersion. The
AHP treatment as a universal method is also can improve the perfor-
mance of commercial ZrO2 powder. Characterization methods in this
work prove that an increase of surface hydroxyl groups on ZrO2 facil-
itates the long-term stability of the aqueous nanodispersion. The as-

Fig. 11. Relationship between contact angle and the amount of zirconia added in the PVA resin.
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prepared cubic-ZrO2 aqueous nanodispersion can be used to prepare
hybrid films with PVA showed a high refractive index of 1.71 (500 nm).
The highly transparent ZrO2 NPs in water without any modification
ligand is very promising for further applications in energy, optical
coating, and biomedical fields.
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