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ABSTRACT: Colloidal nanocrystal clusters (CNCs) are formed by clustering nanocrystals into secondary structures, which
represent a new class of materials and have attracted considerable attention, owing to their unique collective properties and
novel functionalities achieved from the ensembles in addition to the properties of each individual subunit. Here, we design a
simple route to prepare aqueous dispersions of highly stable ZrO2 CNCs with tunable shape and size without modification.
ZrO2 CNCs are composed of many ZrO2 nanocrystals each with a size of about 7 nm and possess a mesoporous structure. Both
cube-like and star-like shapes of CNCs can be achieved by using different alkaline sources, while the size of CNCs can be
adjusted by changing the hydrothermal time. The as-prepared aqueous dispersions of ZrO2 CNCs display an enhanced
photocatalytic activity in the degradation of rhodamine B (RhB), compared with ZrO2 nanodispersions. More interestingly, star-
like ZrO2 CNCs show better photocatalytic degradation properties than those of cube-like counterparts and even commercial
P25. Furthermore, ZrO2 CNCs are easily recycled and can be used for the degradation of a range of dye systems.

■ INTRODUCTION

In the past two decades, the preparation of colloidal
nanoparticles with tunable size and shape is of increasing
interest for their novel properties, which cannot be obtained
using bulk materials.1−4 However, recent research appears to
be directed toward the controlled clustering of nanoparticle
subunits into defined geometric arrangements. Clustering
nanoparticles into secondary structures to form so-called
colloidal nanoparticle clusters (CNCs) not only combines the
size-dependent properties of individual nanoparticles but also
makes use of the interactions between nanoparticle building
blocks, generating collective properties, and novel function-
alities absent in the initial nanoparticles.5−8 Usually, the
preparation strategy of CNCs can be divided into two
categories: (i) a one-step route which refers to the synthesis
of nanoparticles and their oriented attachment into CNCs in a
single step;9,10 and (ii) a two-step route which means the pre-
preparation of nanoparticles as building kits and the
subsequent clustering into CNCs via some methods, such as

solvent evaporation, electrostatic attraction, spray drying,11 or
interfacial tension.12−17 Although the two-step route has the
advantage of being more flexible and universal for generating
highly configurable structures, the one-step route is more
efficient and quicker.
Metal oxides such as TiO2,

18−20 ZnO,21−23 Fe2O3,
24−26

Bi2O3
27,28

, ZrO2,
29−32 CuO,33,34 NiO,35,36 and CeO2

37,38 have
been intensively explored as effective photocatalysts to degrade
various organic and inorganic pollutants in wastewater. In
particular, nanosized metal oxide photocatalysts exhibit good
degradation properties owing to their well-known nanoeffects.
Among them, TiO2 and ZnO nanoparticles attract the most
interest. However, there are still several challenges and
practical requirements for the development of high-perform-
ance photocatalysts for treating wastewater. First, it is desired
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for photocatalysts to achieve chemical stability in complicated
wastewater surroundings such as variable pH. Second, the
stable dispersion of particles in wastewater is necessary to allow
enhanced contact between pollutant molecules and photo-
catalysts, even without agitation or strong turbulence. Third,
the construction of hierarchical structures of photocatalysts
usually displayed enhanced degradation compared with
individual nanoparticles.33,39−41

Among various metal oxide photocatalysts, ZrO2 has proven
to be a promising candidate because of its biological and
chemical inertness: it can resist both strong acid and alkali, and
displays long-term stability against photo and chemical
corrosion.42 Many synthetic approaches have been adopted
to prepare various kinds of ZrO2 nanostructures including sol−
gel,43 precipitation,31 hydrothermal,44 and solvothermal
methods.45−49 When ZrO2 is applied to the degradation of
pollutants, ZrO2 particles with hierarchical structures or special
morphologies usually possess better photocatalytic properties
than ZrO2 nanoparticles alone.30 Thus, ZrO2 CNCs have
potential in photocatalytic degradation applications. Currently,
there are only a few reports on the synthesis of ZrO2 CNCs,
which employed a two-step route.13,15 Furthermore, the
preparation of an aqueous dispersion of ZrO2 CNCs still has
a few significant challenges, such as large-scale preparation with
controllable shapes, narrow size distributions, and high
dispersibility, which we address.
In this work, we present a simple method for the efficient

synthesis of an aqueous dispersion of ZrO2 CNCs with high
stability and concentrations, controlled sizes, and shapes
without any surface modifications. The synthesis of ZrO2
CNCs on a 10 g scale has been accomplished without the
scale-up effect, which demonstrates the great potential of this
route. Continuous size tuning of ZrO2 CNCs can be achieved
from 74 to 170 nm by controlling only the hydrothermal time.
Salt ions such as Na+ and Cl− have been shown to play an
important role in controlling the shape of ZrO2 CNCs to cube-
like or star-like morphologies. The nanoscale ZrO2 primary
subunits with an average size of 7 nm were oriented toward
each other, thereby generating mesoporous network structures.
In addition, rhodamine B (RhB) was chosen as a probe
molecule to evaluate the photocatalytic performances of the
ZrO2 CNCs. Because of the unique collective properties,
aqueous dispersions of ZrO2 CNCs exhibit obviously enhanced
photocatalytic activity compared with ZrO2 nanodispersions.
The star-like ZrO2 CNCs possess better photocatalytic
degradation properties than those of cube-like ZrO2 CNCs
and even commercial P25.

■ EXPERIMENTAL SECTION
Chemicals. Zirconium oxychloride octahydrate (ZrOCl2·8H2O)

and sodium hydroxide (NaOH) were purchased from Beijing
Chemical Reagent Co. Tetramethylammonium hydroxide aqueous
solution (N(CH3)4OH, 10 wt %), commercial TiO2 (P25), RhB,
methyl violet, and Congo red were purchased from Aladdin Bio-
Chem Technology Co. All 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).
Preparation of Aqueous Dispersions of Cube-like and Star-

like ZrO2 CNCs. In a typical procedure for production of an aqueous
dispersion of cube-like ZrO2 CNCs, 32.225 g of ZrOCl2·8H2O and
was dissolved in 500 mL of deionized water at 25 °C under vigorous
stirring. Afterward, 4.90 mL of N(CH3)4OH aqueous solution (10 wt
%) was added dropwise (two drops per 1 s). Then, the mixture was
stirred at 70 °C for 3 h, the as-obtained zirconium hydroxide

precursor was loaded into a Teflon-lined, stainless steel autoclave and
heat treated. After cooling to room temperature, the products were
collected and washed by centrifugation with deionized water three
times to form an aqueous dispersion of cube-like ZrO2 CNCs.

Star-like ZrO2 CNCs were obtained by replacing N(CH3)4OH
with NaOH. ZrOCl2·8H2O (32.225 g) was dissolved in 400 mL of
deionized water at 25 °C under vigorous stirring. NaOH (4.0 g) was
dissolved in 100 mL deionized water, and added dropwise into the
above ZrOCl2 aqueous solution (one drop per 5 s). Then the mixture
was stirred at 70 °C for 3 h, the as-obtained zirconium hydroxide
precursor was hydrothermally treated, and washed by centrifugation
with deionized water three times, obtaining an aqueous dispersion of
star-like ZrO2 CNCs.

Photocatalytic Activity Test. The photocatalytic activity test of
aqueous dispersions of ZrO2 CNCs was performed without agitation
for the degradation of RhB under UV irradiation at room
temperature. Typically, 100 μL of aqueous dispersion of ZrO2
CNCs (100 g/L) and 100 μL of RhB aqueous solution (1 g/L)
were added to 100 mL of deionized water in a 100 mL bottle, forming
into an aqueous solution of RhB (10 ppm). A 300 W high-pressure
mercury lamp (λ = 365 nm) was positioned inside a cylindrical vessel
and surrounded by a circulating water jacket for cooling. Prior to the
photocatalytic reaction, the RhB aqueous solution was placed in
darkness for 30 min to ensure equilibrium between dye molecules and
ZrO2 CNCs. Afterward, the above RhB aqueous solution was
irradiated with UV light from a high-pressure mercury lamp. A
mixture sample (5.0 mL) was periodically withdrawn at time intervals
of 20 min during a total irradiation time of 160 min, and centrifuged
at 12 000 rpm for 5 min to separate the photocatalyst particles from
the solution. The filtrate sample was analyzed to determine the
concentration of RhB by absorbance measurement using a UV−vis
spectrometer at the maximum absorption wavelength of RhB, which is
554 nm.18

For comparison of photocatalytic activity, an aqueous dispersion of
primary ZrO2 nanocrystals with an average size of 7 nm was also
prepared with almost the above same two procedures, in which all the
salt ions were removed via dialysis before the hydrothermal treatment,
and no agitation was needed in the photocatalytic test. In addition,
commercial P25 powders were also used. The photocatalytic test was
performed under stirring to ensure the dispersion of P25 nano-
particles in water. Other dyes such as methyl violet and Congo red
were also adopted to examine the photocatalytic activity of ZrO2
CNCs.

Characterization. The size and morphology of ZrO2 CNCs were
examined with a scanning electron microscope (SEM) (JSM-6701F,
JEOL, Japan) and a transmission electron microscope (TEM) (JEM-
2100, JEOL, Japan). The surface potential of ZrO2 CNCs was
measured with zeta potential analyzer (Nano-ZS90, Malvern, Britain).
The crystalline structure of the ZrO2 sample was examined with an X-
ray diffractometer (XRD-6000, Shimadzu, Japan) equipped with Cu
Kα radiation, an accelerating voltage of 40 kV, and a current of 40
mA. The scanning range was 10° to 80° and the scanning rate was 5°/
min with a step size of 0.02°. X-ray photoelectron spectroscopy (XPS)
was performed using an ESCALAB 250 XPS System with a
monochromated Al Kα (150 W) source. The Fourier transform
infrared (FTIR) spectrum was recorded with a Nicolet 6700
spectrometer (Nicolet Instrument Co., USA) in the range of 400−
4000 cm−1. The nitrogen adsorption−desorption isotherm was
measured on ASAP (2010, USA), in which the sample was first
outgassed in vacuum at 473 K overnight and the measurement was
then carried out at 77 K. The pore size distribution (PSD) was
determined by the Barret−Joyner−Halenda (BJH) method and the
surface area was calculated by the Brunauer−Emmett−Teller (BET)
method. The ultraviolet−visible diffuse reflectance spectrum (UV−
DRS) of the sample was recorded by using an ultraviolet−visible
infrared spectrophotometer (lambda 750) manufactured by Perki-
nElmer Instrument Co. Electrochemical and photoelectrochemical
measurements were performed in three-electrode quartz cells (the
counter electrode: platinum wire; the reference electrodes: saturated
calomel electrodes; the working electrode: ITO) with a 0.5 M Na2SO4
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electrolyte solution under irradiation of 300 W high-pressure mercury
lamp (λ = 365 nm), which was the same with the light in
photocatalytic activity tests.

■ RESULTS AND DISCUSSION
Figure 1 shows the representative SEM, TEM, HRTEM
images, and the corresponding selected area electron

diffraction (SAED) patterns of the cube-like ZrO2 CNCs
obtained at a hydrothermal temperature of 200 °C for 10 h.
The as-prepared particles consisted of small primary nano-
particles. They appear to be cubic, with a size length of ca. 170
nm, a plate thickness of ca. 80 nm, and a rough surface (Figure
1A,B). The HRTEM image (Figure 1D) of an edge of one
single cluster in Figure 1C (marked by the red rectangle)
provides a further vision into the structural information on the
clusters. Although ZrO2 CNCs are polycrystalline materials,
the continuous parallel lattice fringes indicate that the stacks of
ZrO2 nanocrystals with a diameter of ca. 7 nm grow in an
oriented direction instead of anisotropic growth. For this
reason, the SAED pattern of a single ZrO2 cluster (the inset
picture in Figure 1D) reveals a nearly single-crystal-like feature
instead of a diffraction ring, which has been reported in the
literature.9,50−52 Different from the single crystalline feature of
the selected nanocrystal in Figure 1D, the widened diffraction
spots (the inset picture in Figure 1C) indicate slight
misalignments among the primary nanocrystals in single CNC.
Figure 2 displays the TEM image of ZrO2 nanocrystals, SEM

images of cube-like ZrO2 CNCs prepared at a temperature of
200 °C for different hydrothermal times, and the correspond-
ing particle size distributions. As shown in Figure 2A, the
transparent aqueous dispersion of ZrO2 nanocrystals with an
average size of 7 nm was obtained when all salt ions were
removed before the hydrothermal treatment. However, when
Cl− were not present for the hydrothermal treatment, ZrO2
nanocrystals were aggregated with preferred orientation to

cube-like ZrO2 CNCs by a self-assembly of ZrO2 nanocrystals.
N(CH3)4OH was proved to merely be a hydrolytic
accelerating agent instead of a shape controller because ZrO2
CNCs retained a very similar morphology by replacing
N(CH3)4OH with ammonia hydroxide (Figure S1). The
above results indicate that the presence of Cl− during the
hydrothermal process plays a key role in the formation of cube-
like ZrO2 CNCs. Furthermore, it can be found that the average
size of ZrO2 CNCs increased from 74 to 170 nm, while the
particle size distribution also became wider with the prolonged
hydrothermal time from 6 to 10 h. However, hydrothermal
temperature (150−240 °C) has little effect on the average size
and the shape of ZrO2 CNCs, as shown in Table 1 and TEM
images of Figure S2. The possible reason of this interesting

Figure 1. SEM (A), TEM (B), HRTEM images (C,D) and the
corresponding SAED patterns of the cube-like ZrO2 CNCs obtained
from a hydrothermal temperature of 200 °C for 10 h.

Figure 2. TEM image of ZrO2 nanocrystals (A); SEM images of cube-
like ZrO2 CNCs prepared at a hydrothermal temperature of 200 °C
for 6 h (B), 8 h (C), 10 h (D); and the corresponding particle size
distributions (E) (for each histogram, over 100 particles were
measured).

Table 1. Experimental Parameters for the Preparation of
Typical Cube-like ZrO2 CNCs

hydrothermal temperature (°C) time (h) size (nm)

150−180−200−220−240 6 ca. 74
150−180−200−220−240 8 ca. 130
150−180−200−220−240 10 ca. 170
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observation is that the clustering of ZrO2 nanocrystals in this
case mainly depends on hydrothermal time, and the ZrO2
nanocrystal clustering is a slow self-assembly process only
occurring at a relatively high temperature (>150 °C) for the
formation of ZrO2. The lower temperature (such as 130 °C)
has a very low yield of 10%.
Figure 3 shows the representative SEM, TEM, HRTEM

images, and the corresponding SAED patterns of star-like ZrO2

CNCs prepared at a hydrothermal temperature of 200 °C for
10 h. In this case, the alkali source of N(CH3)4OH was
replaced with NaOH. The morphology of ZrO2 CNCs was
significantly changed from cube-like to star-like, possibly
ascribed to the combined action of Cl− and Na+ for achieving
shape tuning. Several lines of evidence point to salt ions as the
dominant control during particle−particle aggregation,5,9,53

when oriented attachment occurs in aqueous or water-miscible
systems. The schematic formation process is shown in Scheme
1. Similarly, the continuous and clear lattice fringe, and nearly
single-crystal-like SAED pattern indicate the high crystallinity
and oriented aggregation of nanocrystals with a size of about 7
nm, forming the star-like ZrO2 CNCs. XRD characterizations
of the as-prepared cube-like, star-like ZrO2 CNCs, and ZrO2
nanocrystals were performed, as shown in Figure S3. The
diffraction peaks of three samples were all well indexed to the
pure monoclinic phase [space group: P21/c (14)] of ZrO2
(PDF no. 80-0966). The corresponding XPS spectra in Figure
S4 show that Zr 3d5/2 is located at 182.1 eV and Zr 3d3/2 is
located at 184.4 eV. These results confirm the presence of Zr4+

and also demonstrate no chemical shift on ZrO2 CNCs and
nanocrystals.
Figure 4 shows the digital photographs of aqueous

dispersions of ZrO2 CNCs with different solid contents.
Despite no surface modification, ZrO2 CNCs can be stably
dispersed in water without precipitation for weeks, mainly
attributed to a high surface potential (+37.5 mV). When the

solid content was 0.1 wt % (about 1 g/L), the dispersion of
ZrO2 CNCs was clear and transparent, visually identical to
water. With increasing ZrO2 solid content from 0.5 to 50 wt %,
the dispersion of ZrO2 CNCs changed from translucent to
milky white. However, ZrO2 CNCs still kept a high-dispersion
stability even at a superhigh solid content of 50 wt %.
Furthermore, no use of surface modifiers was required which
was helpful to the photocatalytic activity of CNCs. FTIR
spectra of two kinds of shaped ZrO2 CNCs and ZrO2
nanocrystals also prove the pure ZrO2 nature (Figure S4).
Figure 5 shows the nitrogen adsorption−desorption

isotherms and the corresponding PSDs of cube-like and star-
like ZrO2 CNCs. They were all typical type IV isotherms with
a hysteresis loop of type H2, which was associated with
capillary condensation taking place in well-developed meso-
pores and the limiting uptake over a range of high P/P0 around
0.7−0.9.54 The corresponding BJH curves show that both of
the two samples have a wide PSD with the concentrated size of
ca. 12.4 nm. The BET-specific surface areas were calculated to

Figure 3. SEM (A), TEM (B) and HRTEM images (C,D) and the
corresponding SAED patterns of star-like ZrO2 CNCs prepared using
a hydrothermal temperature of 200 °C for 10 h.

Scheme 1. Proposed Formation Mechanism of ZrO2
Nanoparticles, Cube-like and Star-like ZrO2 CNCs

Figure 4. Digital photographs of ZrO2 CNC dispersions with different
solid contents.
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be 120 m2/g for cube-like, and 81 m2/g for star-like ZrO2
CNCs, respectively. This mesoporous framework of hierarch-
ical internanocrystallite and intercluster pores may endow
ZrO2 CNCs high photocatalytic activity because it allows the
target molecules to be more accessible to the surfaces of ZrO2
CNCs.
Figure 6 presents the degradation curves of RhB over cube-

like ZrO2 CNCs prepared at (A) different hydrothermal

temperatures and a fixed hydrothermal time of 6 h, and (B) at
a fixed hydrothermal temperature of 200 °C and different
hydrothermal times. Although it has almost no effect on the
particle size of ZrO2 CNCs, hydrothermal temperature
obviously influences the photocatalytic activity of ZrO2
CNCs. As shown in Figure 6A, ZrO2 CNCs prepared at a
lower hydrothermal temperature (150 °C) have a much slower
degradation rate than those of products obtained at higher
temperatures. The products prepared in the range of 200−240
°C have a similar photocatalytic activity, which was higher than
that of the counterpart at 180 °C. Thus, the relatively lower
hydrothermal temperature of 200 °C was selected in the
following study. As shown in Figure 6B, the photocatalytic rate
of cube-like ZrO2 CNCs for RhB significantly improved with
the decrease of hydrothermal time from 10 to 6 h. For 6 h
product, the degradation of RhB reached 75% in 20 min, and
100% in 60 min. Correspondingly, 8 and 10 h products
degraded 100% RhB only in 100 and 140 min. This can be
ascribed to the smaller and more uniform particle size of ZrO2
CNCs, as seen in Figure 2. Therefore, the optimum time is
selected to be 6 h.
It is well-known that the clean surface of catalyst particles is

crucial to their catalytic properties. Our ZrO2 CNCs without
any modification exhibit much better degradation ability than
ZrO2 CNCs modified by PVP owing to the more exposed
activity sites (Figures S5 and S6). Compared with ZrO2
CNCs@PVP, the complete degradation time of RhB over
ZrO2 was decreased from 160 to 60 min. This means, if
possible, the use of organic modifiers should be avoided in the
preparation of photocatalysts.
To understand the photocatalytic activity of ZrO2 CNCs

better, P25 (commercially available nanosized TiO2) and
aqueous dispersions of ZrO2 nanocrystals with no surface
modification, and a size very close to nanocrystal subunits of
CNCs (ZrO2 nanodispersions) were selected as references.
Figure 7 compares the degradation curves and the correspond-
ing reaction kinetic curves of RhB over aqueous dispersions of
cube-like ZrO2 CNCs, star-like ZrO2 CNCs, ZrO2 nano-
dispersions, and P25. As we can see from Figure 7A, compared
with ZrO2 nanodispersions, aqueous dispersions of ZrO2
CNCs display significantly enhanced photocatalytic activity
in the degradation of RhB. More interestingly, star-like ZrO2
CNCs possess better photocatalytic degradation properties
than those of the cube-like counterpart and even P25. After 20
min, 96% of RhB can be degraded by star-like ZrO2 CNCs, and
85% for P25, 74% for cube-like ZrO2 CNCs, while only 63%
for ZrO2 nanodispersions. The complete degradation times of
RhB are 40 min for star-like ZrO2 CNCs and 60 min for P25
and cube-like ZrO2 CNCs. Furthermore, the photocatalytic
degradation data are fitted by the following Langmuir−
Hinshelwood kinetics model equation.

= ×αC C k tln( / )0 (1)

where kα is the reaction rate constant (min−1), t is the
irradiation time, C0 is the dye initial concentration and C is the
dye concentration at time t. As shown in Figure 7B, a plot of
ln(C/C0) versus irradiation time shows a good linear
relationship, belonging to a pseudo-first-order reaction. In
addition, it is noted that oxygen-deficient ZrO2 with a
decreased band gap shows better photocatalytic performances
for photochemical catalysis.42 In this study, the energy band
gap of ZrO2 CNCs (in the range of 5.0−5.85 eV, which is
wider than that of TiO2 (3.2 eV)55), did not change, as shown

Figure 5. Nitrogen adsorption−desorption isotherms and the PSDs
(the inner image) of the cube-like and star-like ZrO2 clusters,
hydrothermally treated at 200 °C for 6 h.

Figure 6. Degradation of RhB over cube-like ZrO2 CNCs prepared at
different hydrothermal temperatures of 150, 180, 200, 220 and 240 °C
for 6 h (A); and 200 °C for 6, 8, and 10 h (B).
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in Figure S7. However, the degradation rate of RhB over star-
like ZrO2 CNCs is calculated to be 0.1984 min−1, which is 1.98
times faster than that of P25. There are two main reasons: one
is because of the enhanced collective properties of CNCs.
Similar phenomenon are also found in other reported CNCs,
such as stronger signals from quantum dot CNCs and much
higher saturated magnetization from iron oxide CNCs.7,10 The
second reason is that ZrO2 CNCs have a novel mesoporous
structure with a crystalline framework, enabling fast diffusion
and adsorption of RhB molecules from solution. In addition,
despite the smaller surface area, star-like ZrO2 CNCs have
much better photocatalytic activity than cube-like ZrO2 CNCs.
This result indicates that the morphology should be a more
important factor in determining the photocatalytic activity of
the prepared ZrO2 CNCs. A star-like shape with more open
structures is more beneficial to the complete contact between
dye molecules and ZrO2 nanoparticles than cube-like shape
with a relatively closed structure.
The photocurrent measurement was used to reflect the

separation of the photogenerated electron−hole pair in the
photocatalyst, and the rate is positively relevant to the
photocatalytic activity of the material.56 Figure S8 shows the
photocurrent density−time curves of star-like ZrO2 CNCs,
cube-like ZrO2 CNCs, aqueous dispersion of ZrO2 nanocryst-
als, and P25 samples generated in the electrolyte under UV
light. When the light was on, the photocurrent of samples was
generated immediately. Although there was intensity attenu-

ation with the light switching several times, the changing
tendency of photocurrent generated by these samples was
consistent with the order of their photocatalytic activities, as
shown in Figure 7.
To further explore the recycling properties of this photo-

catalyst, star-like ZrO2 CNCs were used multiple times for the
degradation of RhB, as shown in Figure 8. After five cycles,

there is no decrease of the degradation properties, with the
CNCs, exhibiting the same photocatalytic activity. This shows
the great potential of ZrO2 CNCs in practical photocatalytic
applications. Besides the recycling ability, the feasibility for the
degradation of other dyes needs to be explored. Figure 9

presents the degradation curves of different dyes over star-like
ZrO2 CNCs. Besides RhB, star-like ZrO2 CNCs also exhibit
excellent photocatalytic activities for methyl violet and Congo
red.

■ CONCLUSIONS
Highly stable and concentrated aqueous dispersions of ZrO2
CNCs with tunable shape and size can be efficiently prepared
via a simple method without any modification. The as-
prepared ZrO2 CNCs consist of ZrO2 nanocrystals with a size
of about 7 nm, and have a mesoporous structure with an
average pore size of 12.4 nm. Cube-like and star-like shapes of

Figure 7. Degradation curves (A) and reaction kinetic curves (B) of
RhB over star-like and cube-like ZrO2 CNCs prepared at a
hydrothermal temperature of 200 °C for 6 h, aqueous dispersion of
ZrO2 nanocrystals and P25.

Figure 8. Reusability tests of star-like ZrO2 CNCs prepared at a
hydrothermal temperature of 200 °C for 6 h.

Figure 9. Degradation curves of different dyes over star-like ZrO2
CNCs prepared at a hydrothermal temperature of 200 °C for 6 h.
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CNCs can be tuned by using different alkaline sources, and the
particle size can be adjusted by changing the hydrothermal
time. The studies on the photocatalytic activity of ZrO2 CNCs
for the photodegradation of RhB under UV irradiation indicate
that the ZrO2 CNCs exhibit much better degradation
properties than ZrO2 nanodispersions owing to the unique
enhanced collective properties of CNCs. The degradation rate
of RhB over star-like ZrO2 CNCs is 1.98 times faster than that
of commercial P25. More importantly, ZrO2 CNCs possess
good environmental stability, reusability property, and
applicability for the degradation of more dye systems. It
could be envisioned that such CNCs with excellent photo-
catalytic performances are possible to be candidates for many
advanced photocatalytic applications.
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