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Hydrothermal synthesis is one of the most commonly used
methods for preparation of nanomaterials. It is basically a
solution reaction-based approach. In hydrothermal synthe-
sis, the formation of nanomaterials can happen in a wide
temperature range from room temperature to very high tem-
peratures. To control the morphology of the materials to be
prepared, either low-pressure or high-pressure conditions
can be used depending on the vapor pressure of themain com-
position in the reaction. Many types of nanomaterials have
been successfully synthesized by the use of this approach.
There are significant advantages of hydrothermal synthesis
method over others. Hydrothermal synthesis can generate
nanomaterials which are not stable at elevated temperatures.
Nanomaterials with high vapor pressures can be produced by
the hydrothermal method with minimum loss of materials.
The compositions of nanomaterials to be synthesized can
be well controlled in hydrothermal synthesis through liquid
phase or multiphase chemical reactions. This special issue
serves as a forum presenting the recent research results of
hydrothermal synthesis of nanomaterials. Several papers on
hydrothermal synthesis of nanoparticles, nanorods, nano-
tubes, hollow nanospheres, and graphene nanosheets have
been published in this special issue. New synthesis methods,
for example, microwave-assisted hydrothermal synthesis and
template-free self-assembling catalytic synthesis, are reported

in this special issue. Research work on optimization of the
synthesis conditions is included as well. Nanomaterials for
applications such as energy harvesting and biosensing are
also studied in the papers published in this special issue. In
addition, hydrothermal synthesis using waste materials to
achieve environment protection was studied in one of the
papers. A brief summary of all the eleven accepted papers is
presented as follows.

The paper by Z. Rák and D. W. Brenner presents the fun-
damental work on the formation of nickel ferrite (NiFe2O4)
nanoparticles under hydrothermal conditions. A model was
established via a method that combines results of first-
principle calculations, elements of aqueous thermochemistry,
and experimental free energies of formation. Based on calcu-
lations using the model, negative formation energies for the
(111) surfaces and positive free energies for the formation
of bulk nickel ferrite were predicted. The combination of
the negative surface and positive bulk energies yields thermo-
dynamically stable nickel ferrite nanoparticles with sizes
between 30 and 150nm in the temperature range of 300 to
400K under alkaline conditions. The effect of processing
condition on the stability of the nickel ferrite nanoparticle
was discussed.

The work by M. L. M. Napi et al. deals with hydro-
thermal synthesis condition parameter optimization. Design
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of Experiment (DOE) was used to determine the processing
parameters for hydrothermal growth of one-dimensional
fluorine-doped zinc oxide (1D-FZO) using Au nanoparticles
as the catalyst. The DOE includes three design points on each
of the parameter. The selected parameters are the gold
sputtering time (10 s, 15 s, and 20 s), hydrothermal reaction
time (3 hours, 6.5 hours, and 10 hours), and hydrothermal
temperature (50°C, 75°C, and 100°C). The effects of these
parameters on the quality of 1D-FZO produced are ana-
lyzed statistically. It is found that the sputtering time of
the Au nanoparticles has significant effect on the morphol-
ogy and electrical property of the 1D-FZO. The lowest
resistance value of 22.57Ω was achieved for the 1D-FZO
grown with the longest Au sputtering time. The hydro-
thermal growth temperature below 100°C was suggested.

The work performed by T. H. P. Nguyen et al. investi-
gated the stability of electrochemical and biosensing prop-
erties of ZnO nanorod-based platinum screen-printed
electrodes (SPEs) applied for detection of bacterial patho-
gens. The ZnO nanorods (NRs) were grown on the platinum
working electrode using the hydrothermal method. The stan-
dard photolithography and lift-off process were used to fab-
ricate the patterned platinum SPEs on a silicon wafer. For
sensor property characterization, Salmonella polyclonal anti-
bodies were immobilized at the ZnO NR surface through
crosslinking. Morphological and structural analysis of the
ZnO NRs by scanning electron microscopy (SEM), transmis-
sion electron microscopy (TEM), and X-ray diffraction
(XRD) shows that the ZnO NRs were grown vertically on
platinum electrodes with a diameter around 20-200 nm and
a length of 5-7μm. These modified electrodes were applied
for detecting Salmonella enteritidis at a concentration of
103 cfu/mL. Electrochemical measurements including cyclic
voltammetry (CV) and electrochemical impedance spectros-
copy (EIS) reveal that the ZnO NR-modified platinum elec-
trodes could detect Salmonella bacteria well with signal to
noise ratio much higher than 3 : 1. This indicates that the
ZnO NR-modified platinum SPEs have potential for the
development of biochips for electrochemical detection of
bacterial pathogens.

The paper by X. Wu et al. reported the findings on syn-
thesis of graphene sheets with high quality by calcinating
composites intercalated with montmorillonite (MMT) and
asphaltene. The graphene sample obtained is continuous
and as long as 10.79μm. The surface is smooth with little
defects. By analyzing the XRD patterns of graphene/MMT
composites at different conditions, the graphene formation
mechanism is proposed and the optimal calcination condi-
tions are suggested. This work provides important insights
into how to make low-cost graphene using asphaltene
extracted from heavy crude oil.

In the paper by J. Zhu et al., carbon quantum dots
(CQDs) with high quantum yield and good stability were
synthesized from waste tea leaves and peanut shells by a
one-step hydrothermal method. This work introduced the
concept of waste utilization and environmental protection
while making useful nanomaterials from sustainable sources.
The synthesis conditions, structures, and optical properties
of CQDs were researched. Their unique characteristics of

emitting strong and steady blue fluorescence under excita-
tion of ultraviolet light were found due to the existence of
plenty of hydrophilic groups at the surface of the CQDs. It
is concluded that the CQDs have potentials for analytical
detection and for application as biomarkers.

The paper by X. Yan et al. shows that the continuous-
flow hydrothermal processes have advantages for synthe-
sizing VO2 particles over the traditional batch reaction
systems. Specifically, the role of mixers in continuous-
flow synthesis of thermochromic VO2 particles via rapid
one-step hydrothermal reaction was studied. In this work, a
Center T-Mixer and a Collision Cross-Mixer are developed
and implemented in a hot water fluidized suspension reac-
tion (HWFSR) system. The influence of the resident time
on the particle phase and size was examined, and properties
of particles derived from systems equipped with differing
mixers were compared. The resulting particles were charac-
terized using techniques of X-ray powder diffraction (XRD)
analysis, scanning electron microscopy (SEM), and differen-
tial scanning calorimetry (DSC). The results confirm the
crucial role of mixers in particle fabrication in continuous-
flow systems. When compared with the Center T-Mixer,
the Collision Cross-Mixer has better control regarding the
morphology and size distribution of resulting particles while
improving the transition temperatures of the as-synthesized
materials. HWFSR systems containing novel mixer designs
are capable of producing pure M-phase VO2 particles in a
single step contrary to the current reactor design that uses a
second post heat treatment step, and they are capable of syn-
thesizing many other nanoparticle species, especially those
requiring high temperature and pressure reaction condi-
tions. The synthesized VO2 particles are promising materials
for thermochromic smart windows that reduce building
energy loss.

The paper by P. T. Lien et al. reported synthesis of
GdPO4·nH2O and Tb3+-doped GdPO4·nH2O nanorods@si-
lica-NH2 conjugated with IgG antibody by hydrothermal,
sol-gel, and coprecipitation methods. The effect of Tb3+/Gd3+

molar ratio on the size, morphology, and luminescence of the
synthesized samples was investigated. It is found that under
optimized conditions, the GdPO4·nH2O:Tb

3+ as uniform
nanorods sizing from 10 to 30 nm in diameter and from
200 to 300nm in length shows the strongest luminescence
in green color with narrow bands under the UV excitation
(325 nm). After being coated with silica-NH2 and conjugated
with IgG antibody, all luminescence characteristic peaks of
GdPO4·nH2O:Tb

3+ corresponding to the process of energy
transfer from Gd3+ to Tb3+ and then the emission from
5D4→

7FJ (J = 6, 5, 4, 3) of Tb3+ can still be observed. The
application of the Tb3+-doped GdPO4·nH2O nanorods@si-
lica-NH2 conjugated with IgG antibody for rapid selective
detection of Naja atra cobra venom was also shown.

L. Ma et al. published their work on hydrothermal syn-
thesis of various Co-doped Zn1-xCoxMn2O nanocrystals with
a spinel structure. The nanocrystals form hollow nano-
spheres. The influence of Co doping concentration on the
structure, morphology, elemental composition, and optical
and photocatalytic properties of the samples was studied. It
is found that Co2+ ions replaced some of the lattice sites of
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Zn2+ in the ZnMn2O4 nanocrystals. The crystalline size
decreased with the increase of Co doping. The band gap of
Zn1−xCoxMn2O is smaller than that of pure ZnMn2O4 and
red shifted was found for the doped sample. It is also found
that the photocatalytic activity of the Co-doped sample is
higher than that of the undoped sample during the photode-
gradation of methyl orange (MO) under visible light irradia-
tion. The results indicate that Co-doped spinel ZnMn2O4
nanocrystals are effective in photocatalytic degradation of
the pollutants.

Y. Wang and Y. Li reported their research on hydrother-
mal synthesizing titanium dioxide hollow nanospheres for
photoluminescence and catalysis. As known, there exists
challenge in preparing high-purity brookite TiO2 with some
unique structure. In this work, high-purity brookite TiO2
hollow spheres were hydrothermally synthesized by employ-
ing titanium sulfate as the titanium source and chloroacetic
acid and sodium hydroxide as the pH regulator. The struc-
ture, morphology, and optical properties were characterized
by X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), and UV-Vis diffuse
reflectance spectroscopy (UV-Vis DRS). The results showed
that the as-prepared brookite TiO2 hollow spheres in a size
of about 1.0 micrometer had a direct band gap of 3.13 eV.
Thermal analysis in combination with infrared spectroscopy
showed that the as-prepared brookite TiO2 was surface
capped with water and organic molecules. The photocata-
lytic and photoluminescence properties of brookite TiO2
were shown.

The paper by S. B. S. Gusmão et al. focuses on the
microwave-assisted hydrothermal reaction method. One-
pot synthesis of titanate nanotubes decorated with anatase
nanoparticles was demonstrated for the first time. This nano-
heterostructure of titanate nanotubes decorated with anatase
nanoparticles (TiNT@AnNP) was characterized by various
methods including X-ray diffraction, Raman spectroscopy,
scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDXS), high-resolution transmission
electron microscopy (HRTEM), selected-area electron dif-
fraction, and X-ray photoelectron spectroscopy (XPS). The
results showed that the TiNT@AnNP nanomaterial is highly
crystalline and in nanometer size. The synthesized TiN-
T@AnNP degraded an anionic dye (Remazol blue) more
efficiently under UV-visible light (380–780nm) than a com-
mercial anatase-TiO2 precursor. This increased efficiency of
photodegradation is due to the large surface area and the
effective separation of the photon induced electron-hole
pairs. The benefit of microwave-assisted hydrothermal syn-
thesis in the production of TiNT@AnNP for environmental
applications was discussed as well.

In the paper by M. C. Uribe López et al., synthesis of
ZnO-ZrO2 nanocomposites was introduced. Characteriza-
tion of the nanomaterials for photocatalytic degradation
and mineralization of phenol was also presented. Zinc (II)
acetylacetonate was used as the source materials for generat-
ing different ZnO contents (13, 25, 50, and 75% mol) in the
nanocomposites. The synthesized ZnO-ZrO2 nanomaterials
showed both the tetragonal crystalline structure of zirconia

and the hexagonal one of ZnO. The morphology was
observed, and the size of the nanomaterials was analyzed by
electron microscopy. The formation of ZnO nanorods with
the size ranging from 50nm to 300 nm and zirconia particles
with the size smaller than 50nm was revealed. The advantage
of using the nanocomposites for photocatalytic degradation
of phenol was demonstrated. The mineralization degree of
the 75ZnO-25ZrO2 nanocomposite has higher mineraliza-
tion degree than pure ZnO. The nanocomposite can also
inhibit the generation of undesirable intermediates.
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The formation of nickel ferrite (NiFe2O4) nanoparticles under hydrothermal conditions has been modeled using a method that
combines results of first-principle calculations, elements of aqueous thermochemistry, and experimental free energies of
formation. The calculations predict negative formation energies for the (111) surfaces and positive free energies for the
formation of bulk nickel ferrite. Based on classical nucleation theory, the combination of the negative surface and positive bulk
energies yields thermodynamically stable nickel ferrite nanoparticles with sizes between 30 and 150 nm in the temperature range
of 300 to 400K under alkaline conditions. The surface and bulk energetics as well as the stability of the nickel ferrite
nanoparticle as a function of temperature and pH are discussed.

1. Introduction

Nanostructured materials can display physical properties
that are very different from what they exhibit on the macro-
scale. This is because at nanoscale quantum effects become
dominant, affecting the electrical, optical, and magnetic
behavior of matter [1]. Furthermore, the reduction in particle
size leads to a larger relative surface area, and this can alter
the chemical reactivity and strength of the material. These
characteristics make nanostructured materials to be of great
scientific and technological interests [1–3]. Among nano-
structured materials, magnetic nanoparticles have been the
focus of intense research because of their potential use in
numerous technological areas, for example, in catalysis, data
storage, nanofluids, microwave devices, and defect sensors
[4–8]. Nanosized nickel ferrite (NiFe2O4) has received con-
siderable scientific attention due to its magnetic characteris-
tics that depend sensitively on the size, shape, purity, and
thermal history of the samples [9, 10]. Nickel ferrite nanopar-
ticles have been synthesized through conventional tech-
niques including solid-state reaction, sol-gel combustion,
coprecipitation, and hydrothermal methods [9–17]. Among

these methods, hydrothermal synthesis appears to be a
promising technique to produce highly crystallized, weekly
agglomerated powder, where particle size, morphology,
and other characteristics can be controlled by adjustment
of temperature, time, and pH value [18, 19].

Nickel ferrite is known to be present in the coolant of
pressurized water reactors (PWR), and it is also a major com-
ponent in the porous oxide deposits that accumulate on fuel
rods during reactor operation. In previous work, we car-
ried out first-principle-based thermodynamic modeling to
describe the processes of formation and deposition of nickel
ferrite particles in PWRs [20–24]. We combined results
of density functional theory (DFT) calculations with experi-
mental Gibbs free energies of formation to evaluate the sur-
face energies of nickel ferrite as a function of temperature.
To mimic the conditions of pressure, ionic concentrations,
and pH in operating PWRs, we also incorporated
elements of aqueous chemistry into the model [20, 21].
Unexpectedly, it was found that several reconstructed nickel
ferrite surfaces had negative formation energies, while the
enthalpy of formation of the bulk material was positive. The
combination of negative surface and positive bulk free
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energies predicts thermodynamically stable nickel ferrite
nanoparticles in the PWR coolant.

In this paper, we use the first-principle informed thermo-
dynamics method developed earlier [20, 21], to model the
nucleation and formation of nickel ferrite nanoparticles from
solvated ionic species under hydrothermal conditions.

2. Theoretical Method

Details of the DFT-informed thermodynamics scheme as
well as details of the atomic structures used for the modeling
of bulk and surfaces of nickel ferrite are described in our pre-
vious work [20, 21]. Here, we only present a summary of the
method. To determine the surface energies as a function of
temperature, a set of temperature-dependent effective chem-
ical potentials (ECP) are calculated based on the following
system of linear equations:

Δf GAxByOz
T , Pð Þ = EAxByOz

− xμ0A Tð Þ − yμ0B Tð Þ
−
z
2 μ

0
O2

Tð Þ,
ð1Þ

where the change in free energies, Δf GAxByOz
ðT , PÞ, are taken

from the experiment [25, 26], EAxByOz
are the total DFT ener-

gies of various binary and ternary oxides, and μ0i are the ECPs
that are determined by solving the system of linear equations
(1) by the least squares method. Similar to the ECPs deter-
mined by equation (1), the chemical potentials for the sol-
vated cations, μ0Mz+,aq, are calculated using

Δf G
0
Mz+,aq T , Pð Þ = μ0Mz+,aq T , Pð Þ − μ0M Tð Þ

+ z
2μ

0
H2

Tð Þ − zμ0H+,aq Tð Þ:
ð2Þ

The Gibbs energies of formation of the aqueous species,
Δf G

0
Mz+,aqðT , PÞ, used in equation (2) are taken from the

SUPCRT database [27, 28]. The chemical potential for the
solvated proton is evaluated in terms of the pH value as

μH+ Tð Þ = μ0H+ Trð Þ + RT ln 10−pH
� �

: ð3Þ

Using the ECPs determined by equations (1) and (2),
combined with DFT total energies calculated for the slab
geometries, and assuming that the dissolved Fe and Ni are in
3+ and 2+ oxidation states, respectively, the temperature-
dependent surface energies of nickel ferrite are calculated
through

γ T , Pð Þ = 1
2A

��
Gslab − ΓFeμFe3+ − ΓNiμNi2+

− ΓNiFe2O4
gNiFe2O4

− nH2
μH2O

�

−
3
2 ΓFe + ΓNi

� �
2μH+ − μH2

+ Δf G H2,aq
� �� �	

:

ð4Þ

In equation (4), Gslab and gNiFe2O4
represent the DFT total

energies of the surface slab and the bulk, μiz+ are the
environment-dependent chemical potentials, and Γi represent
the surface excess quantities that are related to the number of
atoms used in the reconstruction of the nonstoichiometric
surfaces considered in the calculations. They are given by

ΓFe = nFe − nO2
+
nH2

2 ,

ΓNi = nNi −
nO2

2 +
nH2

4 ,

ΓNiFe2O4
=
nO2

2 −
nH2

4 :

ð5Þ

In the case of nonstoichiometric surfaces, the free ener-
gies are dependent on the environment via the chemical
potentials. These are related to ECPs through the molal con-
centrations by the relation:

μiz+ = μ0iz+ T , Pð Þ + RT ln iz+½ �: ð6Þ

The DFT calculations have been carried out using the
VASP package [29, 30] with the GGA-PBE exchange correla-
tion functional [31]. The on-site Coulomb interactions were
added to the d-states of Ni and Fe in the Dudarev formulation
[32], with the values of 6.0 and 4.5 eV, respectively.

In addition to characterizing nickel ferrite nanoparticles,
the first-principle informed thermodynamics scheme, briefly
described above, has been successfully used to investigate
other processes that take place under operating PWRs, such
as boron uptake by nickel ferrite [33] and formation of
bonaccordite (Ni2FeBO5) on nuclear fuel rods [34].

3. Nucleation: Theory and Experiment

Classical homogeneous nucleation theory gives the change in
free energy ΔGT as phase transformation proceeds as a sum
of two terms. The first term is an interfacial energy per unit
area, γ, times the area between the two phases. The second
term is the difference in free energy of the two phases, ΔG,
times the volume of the transformed material. Therefore,
the free energy change as the transformation progresses is
given by

ΔGT = surface areað Þ ⋅ γ + volumeð Þ ⋅ ΔG, ð7Þ

where a combination of positive surface energy and a nega-
tive ΔG yields a free energy barrier for the nucleation process.
In general, the magnitude of ΔG increases as the temperature
is lowered below that of the phase transition, which produces
both a smaller nucleation barrier and critical cluster radius.
For direction-dependent γ values, a Wulff construction can
be used to determine appropriate volume and surface ener-
gies for a given nanoparticle size.

Nanocrystalline nickel ferrite has been synthesized
through hydrothermal reaction and characterized in numer-
ous experimental studies [11–17]. In hydrothermal processes,
Fe is usually in a 3+ oxidation state originating from
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precursors such as FeO(OH), Fe(NO)3, and FeCl3 and the
typical mole ratio of Fe :Ni is close to 2 : 1. To simulate these
conditions, the molal concentrations of Fe3+ and Ni2+ were
set to 2 × 10−21 and 1 × 10−21 mol/kg. Furthermore, because
higher alkalinity of the solution enhances the crystallization
of nickel ferrite [11], the simulations were carried out for
pH values ranging from 7 to 8.

4. Results and Discussions

The surface free energies of nickel ferrite with 12 different
terminations along the low index surfaces have been calcu-
lated. To explore the effect of the water chemisorption on sur-
face stability, in addition to the bare surface configurations,
the calculations were also carried out with OH groups
attached to the surface metal ions and H attached to the sur-
face oxygens. On several surface orientations, we also investi-
gated the effect of OH and H adsorptions separately.

The energy of a stoichiometric surface, which is always
positive, can be lowered by adsorbates or by surface recon-
struction. Depending on the chemical potentials of the
adsorbed species or the species participating in the surface
reconstruction, the surface energies can become negative
[35–37]. In our modeling, under hydrothermal conditions,
several of the nickel ferrite surfaces have negative formation
energies. This can be related to the reference chemical poten-
tials of the aqueous species used in the calculations that
depend on temperature, pressure, and pH value.

Under conditions of hydrothermal synthesis, the most
stable surfaces of nickel ferrite are predicted to be along the
(111) orientation. This is in agreement with earlier DFT sim-
ulations carried out on nickel ferrite surfaces [38]. Out of the
six nonequivalent surface terminations examined along the
(111) direction, the ones that expose the most metal cations
are the most stable. As illustrated in Figures 1(a) and 1(b),
these surfaces consist of metallic layers of tetrahedral and
octahedral Ni/Fe cations, respectively. Even though these sur-
faces create more broken bonds than other cuts along the

(111) direction, they are the most stable because the simula-
tions were carried out under oxygen-poor conditions. There-
fore, surfaces that expose more metal cations are more stable.
The calculated energies associated with these two termina-
tions are nearly the same: they differ by only 0.014 J/m2, with
the termination illustrated in Figure 1(a) being more stable.
This difference in the surface energies is related to the DFT
slab energies, and therefore, it is independent of temperature,
pH, or ion concentrations. The surfaces can be further stabi-
lized through the adsorption of dissociated H2O, by capping
the exposed metal sites with OH groups and placing the H
atoms above O atoms in the subsurface layer.

Plotted in Figure 2(a) are the free energies of forma-
tion of the most stable nickel ferrite surface (represented in
Figure 1(a)) with and without H2O termination, as a function
of temperature, for three different pH values. As mentioned
earlier, the surfaces are stabilized by the adsorption of H2O.
At 300K, for instance, the presence of H2O lowers the sur-
face formation energy by ~7 J/m2. However, as apparent in
Figure 2(a), the exotermicity of the adsorption process
decreases with temperature, such that around 600K (not
shown), the surface becomes denuded. This trend is consis-
tent with the IR powder spectroscopy measurements that
revealed water desorption from nickel ferrite surfaces at tem-
perature above 400K [11].

Using the conditions of temperature, pH, and concen-
tration of aqueous species specified above, the free energy
for the formation of bulk nickel ferrite is evaluated through
the reaction:

Ni2+ + 2Fe3+ + 4H2O→NiFe2O4 + 8H+ð Þaq ð8Þ

As illustrated in Figure 2(b), the bulk free energy of
formation, calculated by equation (8), decreases with tem-
perature and pH but remains mostly positive for the entire
range of 300-400K. As visible in Figures 2(a) and 2(b) as
the values of temperature and pH increase, the surfaces
become less stable while the bulk becomes more stable.

(a) (b)

Figure 1: Slab models with the lowest (111) surface formation energies. The most stable surfaces expose (a) tetrahedral and (b) octahedral
Ni/Fe cations. The red balls represent O atoms, and the grey and brown are Ni and Fe, respectively.
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At temperatures above 400K and/or pH values above 8, the
free energy of formation of the bulk becomes negative
(Figure 2(b)), causing the crystallization of bulk nickel ferrite.

A Wulff construction based on the surface energies
described above predicts that nickel ferrite particles only expose
their (111) surfaces, producing particles with octahedral mor-
phology. This is consistent with the observation of the octahe-
dral nickel ferrite particles ranging from 60 to 100nm in size
generated through hydrothermal reactions [11, 12].

To evaluate the thermodynamic stability of the nickel fer-
rite particles under hydrothermal conditions, the free energy
associated with the formation of an octahedral particle is cal-
culated as a function of size. This is done by adding the prod-
uct of the negative (111) surface energy and the total surface
area of the octahedral particle to the product of the positive
formation energy of bulk nickel ferrite and the volume of
the particle. The change in free energy for the formation of
nickel ferrite particles as a function of particle size is plotted
in Figure 3(a) for different temperatures. Interestingly,
instead of the energy barriers expected from the classical
nucleation theory, the calculated free energy curves in
Figure 3 display energy wells, where the nickel ferrite clusters
are predicted to be thermodynamically stable. This atypical
behavior of the nucleation curve occurs because in our simu-
lation, the surface energies of nickel ferrite are negative while
the bulk formation energies are positive. As specified in the

previous paragraph, the free energy for particle formation is
the sum of a surface term and a volume term. Because the
volume term varies more rapidly with size than the surface
term, at small sizes, the surface term dominates and the free
energy is negative. At larger particle sizes, the volume term
takes over, and the free energy is dominated by the positive
formation energy of bulk nickel ferrite. This is illustrated in
Figure 3(a), where for temperatures ranging from 300 to
400K and pH = 7, the free energy curves have minima corre-
sponding to particle sizes of 30 to 60 nm. As visible in
Figure 3(b), the depth of the energy wells and the sizes of
nickel ferrite particles associated with the wells depend sensi-
tively on the pH. As the alkalinity of the solution increases,
the clusters become larger; for instance, at 350K and pH = 8
, the side length of the nickel ferrite octahedron is predicted
to be around 150nm. This trend as well as the predicted clus-
ter sizes appears to be in good agreement with experimental
results [11, 12].

5. Conclusion

This study combines results of first-principle DFT calcula-
tions with experimental data and elements of aqueous chem-
istry to evaluate the energetics of nickel ferrite synthesis in
hydrothermal environments. Based on solid-liquid equilib-
rium conditions, the formation energies of the bare and
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Figure 2: (a) Surface formation energies for the bare and hydroxylated nickel ferrite (111) surfaces as a function of temperature and pH value.
The exotermicity of the H2O adsorption process decreases with temperature. (b) Free energy of formation for bulk nickel ferrite as a function
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hydroxylated nickel ferrite surfaces have been calculated.
The lowest formation energy belongs to the (111) surface
formed by tetrahedral cation terminations. As a general
trend, under conditions of temperature, ion concentration,
and pH characteristic to hydrothermal reactions, surfaces
that expose a larger number of metal cations are the most sta-
ble. These surfaces are further stabilized by the adsorption of
dissociated water molecules. At temperatures above 400K,
however, the water-induced stabilization decreases and the
surfaces become denuded.

An important aspect of this study is related to the fact that
the formation energy of the most stable (111) surface is
negative, while the free energy of formation of the bulk
material, under identical thermodynamic conditions, is posi-
tive. When creating a nickel ferrite particle, the energy cost
associated with the formation of the bulk material is coun-
terbalanced by the energy gained through the formation of
the interface between the bulk and its aqueous surrounding.
In terms of nucleation theory, the negative surface and posi-
tive bulk energies produce energy wells, with minima (and
corresponding particle sizes) that depend sensitively on
temperature, pH, and ion concentration. The general trend
regarding the phase stability and predicted nanoparticle size
and morphology as a function of thermodynamic conditions
agrees well with the experiment.
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Design of Experiment (DOE) has been used for the optimization of a hydrothermal growth process of one-dimensional fluorine-
doped zinc oxide (1D-FZO). Box-Behnken design was used in the DOE which includes three design points on each of the synthesis
condition parameters. The condition parameters were the gold sputtering time (10 s, 15 s, and 20 s), hydrothermal reaction time
(3 hours, 6.5 hours, and 10 hours), and hydrothermal temperature (50°C, 75°C, and 100°C). This statistical method of DOE was
used to study the effects of these hydrothermal conditions on the quality of 1D-FZO produced. Au nanoparticles were used as
the catalyst to enable the growth of the 1D-FZO. The XRD and EDX analysis confirmed the formation of polycrystalline FZO
with the presence of fluorine, zinc, and oxygen elements. SEM observations indicated that the sputtering time of the Au
nanoparticles has significant effect on the morphology and growth process of 1D-FZO. The lowest resistance value of 22.57 Ω
was achieved for 1D-FZO grown with the longest Au sputtering time at growth temperature below 100°C.

1. Introduction

Nanostructured zinc oxide (ZnO) has been attracting a lot of
attention due to its capability of working in a variety of appli-
cations such as dye-sensitised solar cells [1], biosensors [2],
gas sensors [3], and organic light-emitting diodes [4]. This
n-type semiconductor has demonstrated experimentally that
it has fast electron transfer kinetic, high isoelectric point, and
wide band gap of 3.37 eV at ambient condition [5, 6]. Further-
more, its unique morphology especially one-dimensional
structures (nanorod) made it as one of the promising
nanomaterials. In fact, 1D-ZnO can provide a stable and
direct electron transfer [7]. In addition, the presence of
the dopant element in the ZnO system can affect its elec-
trical properties. Previously, influence of nitrogen, copper,
aluminium, and fluorine dopant on ZnO was extensively
studied [8–11]. Among them, the fluorine element is the
most effective dopant for the ZnO matrix as it could avoid

the lattice distortion and produce an efficient charge carrier
without an electron trap [12]. Since 1948, the demand of
low-cost and environment-friendly fabrication processes for
nanostructures leads to the development of a hydrothermal
process [13]. This method plays an important role in produc-
ing crystalline 1D-ZnO on various substrates including glass,
silicon, and polymer [14, 15]. Furthermore, the nanostruc-
tures’ properties can be tuned by varying different parame-
ters of a hydrothermal process such as the reaction time,
temperature, concentration of a precursor, and the pH value
of the solutions. Boubenia et al. [16] focused on the best con-
centration of ammonia (as an additive) for producing a high
aspect ratio of ZnO nanowires. Meanwhile, the experiment
conducted by Jiao et al. [17] found that the growth duration
of ZnO nanorods influenced their structural size and electri-
cal properties. Wahid et al. used gold nanoparticles (Au-np)
as a nucleation site for the hydrothermal growth of 1D-
ZnO and at the same time improved the adhesive surface
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layer of the substrate [18]. From their results, Au nanoparti-
cles could promote the growth of 1D-ZnO in shorter time
[18]. However, they disregarded to optimize the amount of
Au-np on the substrate. The high concentration of Au-np
may lead to excess of impurities and can become the domi-
nant layer which is able to influence the electrical perfor-
mance of the device. It was found that the previous work
only focused on one parameter at one time. Although, this
optimization approach improved performance of the nano-
structures, it limits to a fixed (certain) condition.

The Response of Surface Methodology (RSM) has been
used to indicate the unknown relationship between the inde-
pendent variables (input factor) and the process response.
This method actually a combination of statistical and mathe-
matical techniques to analyze, model, and optimize processes
[19]. Initially, the observations are made to fit either a linear
function also known as a first-order model or a second-order
model which is suitable to be used based on the results pro-
duced [20]. Choosing the best experimental design signifi-
cantly influences the efficiency of the response analysis.
Therefore, Box-Behnken and Central Composite Design
(CCD) are the most favourable class of design to fit response
surfaces. To optimize the quality of ZnO film deposition, Sul-
tan et al. [21] applied the Box-Behnken design in their study
to determine the impact of remote plasma parameters on the
film deposited.

Similarly, Design of Experiment (surface response meth-
odology) is used in this study to identify the impact of
hydrothermal conditions (reaction time and temperature)
and Au sputtering time to produce a good quality 1D-
FZO. However, CCD design is not compatible since there
is a concern regarding the process of constraints to test each
factor at extreme levels. As a result, the Box-Behnken tech-
nique was selected to design the experiment, since its facto-
rial combinations do not include any points at the vertices of
the cubic region and the resulting design is still rotatable as
shown in Figure 1. The electrical, structural, elemental, and
morphological properties of 1D-FZO produced were exam-
ined using a semiconductor parameter analyzer, X-ray dif-
fractometer (XRD), energy dispersive X-ray spectroscope
(EDX), and a variable-pressure scanning electron micro-
scope (VPSEM), respectively.

2. Experimental Method

2.1. Synthesis. 1D-FZO nanostructures were fabricated on a
glass substrate via hydrothermal process. For optimization,
the Box-Behnken design was used which includes three
design points to correspond to each synthesis condition
parameter. There were three design factors or condition
parameters considered in this work which were the gold
sputtering time (10 s, 15 s, and 20 s), hydrothermal reaction
time (3 hours, 6.5 hours, and 10 hours), and hydrothermal
temperature (50°C, 75°C, and 100°C). Unblocked Box-
Behnken design for three factors was chosen with 15 experi-
ments to run. The precursors used for FZO were zinc nitrate
(alfa aesar, 99%), hexamethylenetetramine (alfa aesar, 99
+%), and ammonium fluoride (R&M) with equimolar of
0.01M in DI water. The precursor solutions were stirred for

1 hour at ambient temperature. At the same time, 2 × 2 cm
glass substrates were immersed in 2-propanol and ethanol
solution inside an ultrasonic cleaner for 15 minutes. Next,
the substrates were coated with gold nanoparticles by sputter
coating at constant current (60mA) with three different sput-
tering times to enhance its adhesiveness on the surface layer.
Then, the substrates were rinsed with 2-propanol solution
before drying in an oven under 100°C for 15 minutes to
remove any moist on its surface. The cleaned substrates were
placed inside the autoclave by facing downwards as illus-
trated in Figure 2(a). Finally, the precursor solution was
poured gently into the autoclave for the subsequent growth
process in the oven. After growing, an aluminium contact
was deposited on FZO as a metal contact. The distance
between the two metal contacts was fixed at 1 cm as shown
in Figure 2(b).

2.2. Characterization. The electrical characteristics were mea-
sured using a B1500 Semiconductor Parameter Analyzer.
The current response was recorded between -1V and
1V. The surface morphology of 1D-FZO synthesized with
different parameters was studied in a scanning electron
microscope (VPSEM) (JEOL JSM-IT300LV). The element
composition was examined by using an energy dispersive
X-ray spectroscope (EDX) which is attached with the
SEM system. For structural analysis, measurements were
conducted by X-ray diffraction (XRD) (Rigaku SmartLab).

3. Results and Discussion

3.1. Optimization of Hydrothermal Growth. To determine
the optimal growth parameters, a series of preliminary
hydrothermal growth experiments were conducted. These
initial experiments were conducted to determine the effect
of different process parameters during the growth towards
the electrical properties of FZO. In this experiment, the con-
centration of Zn(NO3)2·6H2O, HMT, and NH4F were fixed
at 0.01M. The Au sputtering time, hydrothermal reaction
time, and hydrothermal temperature were varied systemati-
cally based on Box-Behnken design. After each synthesis,
the FZO sample was measured for its resistance using the

−1

+1

−1 +1

−1

+1

Figure 1: Surface response methodology (Box-Behnken design) for
three factors.
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parameter analyzer. Table 1 shows the DOE parameters
generated with its corresponding resistance values measured
for each sample. The lowest resistance values measured for
the sample grown with Au sputtering time of 10 s, 15 s, and
20 s were 571.43 Ω, 94.42Ω, and 22.57Ω, respectively. As
Au nanoparticles have contributed to the electrical proper-
ties, three contour plots were produced separately based on
three sputtering times, 10 s, 15 s, and 20 s as shown in
Figures 3(a) and 3(b), respectively. The x-axis and y-axis rep-
resent the hydrothermal reaction time and the hydrothermal
temperature, respectively. Samples with 10 s of Au sputtering
time showed that low-resistance-nanostructured material
can be produced at a temperature > 60°C. Samples with 15 s
of Au sputtering time showed that low reaction times are
required to produce low-resistance-nanostructured material
at a wider temperature range.

Interestingly, from Figure 3(b), it only needs 3 hours of
reaction time in order to obtain the lowest resistance value.
In contrast, for samples with 20 s of Au sputtering time, the
lowest resistance was achieved at 7 hours~10 hours of reac-
tion time as shown in Figure 3(c).

Figure 4(a) shows the three main effects plot towards the
resistance of the samples produced. The Au sputtering time
shows a significant effect on the electrical resistance values
of the FZO nanostructures. This indicates that Au sputtering
time plays an important role to tune the electrical properties
of the samples. Initially, the resistance decreases with increas-
ing sputtering times. However, at 20 s of sputtering time, the
resistance increases slightly forming an arch. The initial
measurements on substrate with Au nanoparticles before
the FZO growth process exhibit no electrical response.
Figure 4(b) shows the effect of resistance against the sputter-
ing time with three different temperatures. When the hydro-
thermal temperature increases, the resistance of the FZO
nanostructures also reduces.

Based on the main effect plot in Figure 4(a), the range of
the optimized conditions to obtain the lowest resistance

nanostructures is as follows: sputtering time of 15~20 s,
hydrothermal reaction time of 3 hours, and the hydrothermal
temperature of 75~100°C.

To study in detail the effect of Au sputtering time and
hydrothermal temperature on the produced FZO nanostruc-
tures, further characterizations were executed such as their
morphological, structural, and elemental properties.

3.2. Structural and Elemental Analysis. The XRD analysis
was carried out in order to investigate the crystal structure
of fabricated 1D-FZO. An X-ray source operated at 40 kV
and 30mA was used. The diffraction patterns were col-
lected over 0°-100° with a step width 0.1° and scan speed
of 10.0619°/min. Figure 5 depicts XRD spectrum for FZO

Precursor
solution 

Glass
substrate 

(a)

A

Glass Glass 

Glass Glass 

Gold

Al contact

(1) (2)

(3)(4)

1D-FZO

(b)

Figure 2: (a) A schematic diagram of substrate in an autoclave, top surface of glass was facing down. (b) A process flow for 1D-FZO
fabrication: (1) 2 × 2 cm of glass substrate, (2) gold nanoparticles were coated on a glass by sputter coating, (3) hydrothermal growth of
1D-FZO, and (4) aluminium was deposited on 1D-FZO to perform the electrical measurement.

Table 1: Design matrix for I-V measurements.

Standard
order

Sputtering
time (s)

Temperature
(°C)

Reaction
time (h)

Resistance
(Ω)

1 10 50 6.5 571.43

2 20 50 6.5 28.06

3 10 100 6.5 4074.98

4 20 100 6.5 29.98

5 10 75 3.0 3130.87

6 20 75 3.0 22.57

7 10 75 10.0 2119.09

8 20 75 10.0 64.81

9 15 50 3.0 149.47

10 15 100 3.0 303.95

11 15 50 10.0 94.52

12 15 100 10.0 94.42

13 15 75 6.5 267.38

14 15 75 6.5 240.38

15 15 75 6.5 286.53
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fabricated on 15 s of Au sputtering time, 100°C of hydrother-
mal temperature for 10 hours of reaction time. As can be
seen, the major XRD peaks were detected with diffraction
of (100), (002), and (101) planes and all the peaks are indexed
to hexagonal wurtzite ZnO according to the 01-082-3143
ICDD file. From the observation of the XRD spectrum, the
peaks only showed the presence of the ZnO phase without
the fluorine phase. A similar result was found in FTO film
structure because the fluorine phase overlapped with the
SnO2 peaks [22]. This is due to the level of fluorine doping
which is relatively small with respect to the host lattice. How-
ever, the existence of the fluorine element can be detected
using EDX analysis.

The EDX spectrum of fabricated FZO with three different
Au sputtering times is presented in Figures 6(a)–6(c). All

samples show the presence of fluorine (F), zinc (Zn), and
oxygen (O) elements as main composition in FZO. Further-
more, weight percentage of the Au material was decreased
when Au nanoparticles were sputtered at longer time. This
confirmed that samples prepared consist of polycrystalline
FZO as supported by XRD result.

3.3. Surface Morphology. The Au nanoparticles improve the
adhesiveness of the surface layer thus promoting nanostruc-
ture growth. Since sputtering time significantly impacted to
the initial growth process as reported in [23], the surface
morphology presented in this section focused on three differ-
ent Au sputtering times: 10 s, 15 s, and 20 s (Figures 7(a)–
7(c)). The samples shown in Figures 7(a)–7(c) exhibited the
lowest resistance based on the contour plot shown earlier
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Figure 3: Generated contour plot of measured resistance (Ω) when reaction time (in hours) and temperature (in °C) were varied for (a) 10 s,
(b) 15 s, and (c) 20 s of Au sputtering time.
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for different sputtering times of the Au nanoparticles. There-
fore, the growth process conditions for the three samples
were not the same. Figure 7(a) shows the formation of FZO
nanoparticles for shortest Au sputtering time, 10 s. Mean-
while, 15 s of sputtering time indicated that FZO nanostruc-
tures starting to grow into 1D formation. However, the
lengths of the nanostructures formed were not uniform
(Figure 7(b)). The size of the FZO increased when the sub-
strate was coated with Au nanoparticles at 20 s. In this sam-
ple, it only needs low temperature and low reaction time to
grow 1D-FZO compared to the other samples produced with
shorter sputtering time.

The growing process for FZO nanostructures using the
hydrothermal method is based on reactant species and the
crystallographic orientation of hexagonal wurtzite FZO.
HMT was used to maintain the neutral behaviour of solution
at pH7 and provided a hydroxyl group for ZnO formation
[24]. First, formaldehyde (6CH2O) was formed when HMT
solution was heated. Then, ammonia (NH3) continues to
hydrolyze and produce ammonium (NH+

4 ) and hydroxyl ions
(OH-) [25]. The chemical reaction can be described as equa-
tions (1) and (2) [26].

HMT decomposition reaction

CH2 6N4 + 6H2O6HCHO + 4NH3 1

NH3 + H2ONH4+ + OH− 2

As the concentration of these Zn2+ and OH- ions exceeds
a critical value, the precipitation of ZnO nuclei starts. The
Zn(OH)2 was transformed into ZnO crystals via these simple
chemical reactions.

Formation of complex compound of Zn(OH)2

2OH−+Zn+2 → Zn OH 2 3

Dehydration

Zn OH 2 → ZnO +H2O 4

Meanwhile, the decomposition of NH4F took place
simultaneously according to equation (5) [27].
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Formation of halo acid

NH4F→NH3 + HF 5

The chemical reaction between the growing ZnO and the
halo acid leads to equation (6).

Doped process

ZnO + 2HF→ ZnF2 + H2O 6

3.4. GrowthMechanism.A possible growth formation of FZO
on three different Au sputtering times is proposed. Au nano-
particles have a function similar to that of seed layers which is
to promote the further growth of 1D structures [23]. It also
acted as nucleus site for initial growth after the nucleation
process [16]. As stated by Demes et al. [28], the nucleation
process can occur at two possible conditions which are on
seed layer surface or at their grain boundaries [25]. Au nano-
particles were sputter coated on the glass substrate at three
different times to produce three different samples. It was
believed that, after a shorter time, the Au nanoparticles
deposited would not be distributed uniformly on the sub-
strate surface.

The growth mechanisms of FZO are illustrated in
Figures 8(a)–8(c). During the early stage of a hydrothermal
process, there were two types of processes occurred which
were physisorption (adsorb) and surface diffusion. Physi-
sorbed species could move at finite distances on the substrate
[29]. Since the glass substrate has high activation energy, the
surface diffusion process was difficult to achieve. As a result,

physisorbed species has high tendency to desorb. Here, Au
nanoparticles functioned as large nuclei attracting physi-
sorbed species by forming chemical bonds. Through coa-
lesces with nearby nuclei, a thin first layer is formed [29].
The increase of FZO thickness was achieved by increasing
the hydrothermal temperature which promote a nucleation
process as shown in Figure 8(a). At this stage, the nucleation
rate was higher and grains were easier to coalesce [30]. A
similar mechanism for substrate with 15 s of Au sputtering
time. However, the coating process for this sample took lon-
ger than the previous sample. Therefore, there is a high
chance for more nucleus sites deposited on the substrate.
As a result, the growth species assembled each other into
1D formation. Some parts on the substrate surface only pro-
duced nanoparticles illustrated in Figure 8(b). This phenom-
enon is clearly observed in the SEM image in Figure 7(b).
The 1D nanostructures were grown with different lengths
and sizes. Interestingly, after 20 s of Au sputtering time, the
1D-FZO with lowest resistance was achieved in 3 hours at
75°C as shown in the SEM image (Figure 7(c)). This sug-
gested that, after the longer times (coating process), Au
nanoparticles were well distributed along the substrate surface
(Figure 8(c)). As a result, 1D-FZOwas easier to grow even with
shorter reaction time. Then, as the temperature increased,
their size were also increased and this finding is similar to
the results of a previous study by Heinonen et al. [31].

3.5. Effect of 1D-FZO Morphology towards Electrical
Properties. One of the factors that affect the resistance values
of the FZO is the grain boundary. It presents a discontinuity
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Figure 6: EDX spectrum of FZO deposited on three different Au sputtering times (a) 10 s, (b) 15 s, and (c) 20 s.
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in the crystalline of the FZO. Between the grain boundaries,
a space charge region formed resulting in a potential bar-
rier scattering of the electrons and reducing their mobility
[32]. This condition can occur for samples coated with
Au nanoparticles at 10 s and 15 s of sputtering time. As
the temperature increased, the grain size with improvement
in crystallinity contributed to the increase of carrier mobil-
ity as well. The total interfacial grain boundary was reduced
when the grain size increases [30]. These findings agree with

the results of the previous studies conducted by Kim et al.
[33] and Napi et al. [34]. For substrate coated with Au nano-
particles at longest sputtering time, the nanostructures grown
are more uniform but nanoneedle structure attached on
nanorods as clearly seen in Figure 7(c). In fact, the 1D-FZO
can provide a stable and direct electron transfer than the
ZnO nanoparticles [7]. However, the nanoneedles which
were attached on nanorods affected their resistance. Further-
more, the increase in temperature increased the number of

(a)

(b)

(c)

Figure 8: Illustration of the growth mechanism of FZO at different Au sputtering times (a) 10 s, (b) 15 s, and (c) 20 s.

(a) (b)

(c)

Figure 7: SEM images of FZO deposited at different sputtering times, temperatures and reaction times: (a) 10 s, 50°C, 6.5 hours; (b) 15 s,
100°C, 10 hours, and (c) 20 s, 75°C, 3 hours, respectively.
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nanoneedles. Consequently, the resistance of the FZO also
increased. This is verified from the contour plot (Figure 3(c))
which indicated that at low temperature, the measured resis-
tance values were low. Subsequently, the resistance values
recorded increased as the temperature increased.

4. Conclusion

From the Design of Experiment analysis, the Au sputtering
time showed a significant effect on the resistance of 1D-
FZO nanostructures compared to the other two parameters
which are hydrothermal reaction time and temperatures.
From the main effect plots and the contour plots, the opti-
mized grow low resistance 1D-FZO are with sputtering time
of 15~20 s, hydrothermal reaction time of 3 hours, and at
temperature range of 75~100°C. It was evident from the
SEM observations that by increasing the sputtering time,
the 1D-FZO nanostructures are easier to grow with less reac-
tion time (3 hours) and at lower temperature (75°C). This can
be due to the increase density of the Au nanoparticles when
the sputtering time increases. Samples coated with Au nano-
particles with less sputtering time form many grain bound-
aries which form a potential barrier for the electrons, hence
reducing the mobility. However, the increase in temperature
increased the grain size with improvement in crystallinity
which contributed to the decrease of the nanostructure resis-
tance. From the growth mechanism proposed, Au nanoparti-
cles form nucleus sites to promote growth species to assemble
each other into 1D formation. Longer Au sputter time caused
the Au nanoparticles to be well distributed along substrate
surface. As a result, 1D-FZO was easier to grow even with
shorter reaction time. This discovery could facilitate the
fabrication of various 1D-FZO nanomaterial-based devices
such as transparent conducting oxide, biosensor, and opti-
cal detector.
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The study is aimed at investigating the stability of electrochemical and biosensing properties of ZnO nanorod-based platinum
screen-printed electrodes (SPEs) applied for detection of bacterial pathogens. The platinum SPEs were designed and patterned
according to standard photolithography and lift-off process on a silicon wafer. ZnO nanorods (NRs) were grown on the
platinum working electrode by the hydrothermal method, whereas Salmonella polyclonal antibodies were selected and
immobilized onto ZnO NR surface via a crosslinking process. Morphological and structural characteristics of ZnO NRs were
investigated by scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray diffraction (XRD).
The results showed that the ZnO NRs were grown vertically on platinum electrodes with a diameter around 20-200 nm and a
length of 5-7 μm. These modified electrodes were applied for detection of Salmonella enteritidis at a concentration of 103 cfu/mL
by electrochemical measurements including cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The
ZnO NR-modified platinum electrodes could detect Salmonella bacteria well with stable measurements, and the signal to noise
ratio was much higher than that of 3 : 1. This study indicated that ZnO NR-modified platinum SPEs could be potential for the
development of biochips for electrochemical detection of bacterial pathogens.

1. Introduction

Electrochemical biosensors have recently attracted much
attention because of their potential applications in food
safety, environmental pollution monitoring, pharmaceutical
chemistry, and clinical diagnostics [1–3]. The electrochemi-
cal biosensors have many advantages such as easy operation,
low cost, high sensitivity, a simple instrument, and suitability
for portable devices [4]. However, these platforms require a
stable surface over time for specific applications; it will help

the system to improve the electron transfer between
electrolytic solution and electrode and minimize the loss of
biological molecules during the electrochemical process.
Carbon screen-printed electrodes (SPEs) are normally used
for detection of biological molecules, but they seem more
preferable for enzyme-based biosensors with enzymatic
redox reactions than for deoxyribonucleic acid (DNA) or
immuno-based biosensors [5, 6]. Platinum SPEs are also
developed for various purposes. Thanks to their electronic
properties and a narrow area of the working electrode, the
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electron transfer would occur easily [7]. However, it also
leads to a limitation of the contact space with targets and
the existence of biological molecules on the surface of elec-
trodes during the electrochemical process. Some advanced
nanomaterials have been proposed to solve the problem
and also enhance the sensor performance [8, 9].

Nanostructured metal oxides are quite attractive for
biosensor applications thanks to their biocompatibility and
advanced physical and chemical properties [10]. The advan-
tages of nanostructured metal oxides involve the surface-
charged depletion and efficient charge-transfer catalytic
properties which enable them to become a useful solid
support for antibody immobilization in biosensors [11].
Among others, zinc oxide (ZnO), a nontoxicity n-type
semiconductor with wide band gap (3.37 eV), high chemical
stability, good electrical properties, high isoelectric point
(pH9–9.5), and high electron transfer capability, is one of
the most interesting metal oxides used for biosensors
[12–14]. Recently, ZnO nanorods (NRs) have also revealed
advantages in biosensors, such as good reproducibility, high
sensitivity, and cost-effective fabrication techniques as well
as portability [15]. There are several ways reported to deposit
ZnO nanorods on substrates such as dielectrophoresis [16],
focused-ion-beam [17], or chemical vapour deposition [18].
This material can be easily synthesized in the nanorod shape
by the fast, low temperature, and inexpensive hydrothermal
route [19, 20]. Besides, the hydrothermal route can be
performed at low temperature to grow ZnO NRs on-chip
[21]. However, most reports of ZnO NR electrochemical-
based biosensor rely on the traditional three-electrode system
involving separated platinum wire counter electrode, ZnO
NR working electrode, and a reference electrode. The use of
traditionally separated electrodes suffers from a complex
configuration of the sensor measurement system and
consumes a large number of bioreceptors [22].

In the strategy of developing a new type of electrochem-
ical biochips for quick and accurate detection of bacterial
pathogens, ZnO NR-modified platinum SPEs have been
developed, and Salmonella bacteria is selected for testing
the stability of electrochemical and biosensing properties
of single-modified electrodes. Recently, Salmonella species
infection has posed a serious threat to public health, espe-
cially in developing countries, where people use poultry
meats and food-producing animals without control measures
[14, 19, 20]. In Vietnam, it is reported that Salmonella, a
bacterial pathogen, is present in most animal-origin foods
including poultry, ovines, porcines, fish, and seafood and
their food products [23]. Furthermore, some Salmonella-
contaminated fruits and fresh vegetables are also reported
to be associated with the Salmonellosis [24–26]. However,
detecting Salmonella is time-consuming and labour-intensive,
because the conventional methods require isolation, preen-
richment, or genome amplification [27]. Development of a
rapid and reliable method, especially biochip for electro-
chemical detection of the presence of these pathogens at a
low concentration, is also a very important mission for
point-of-care applications.

In this study, we designed and fabricated the ZnO NR-
modified platinum (Pt) compact electrodes by integration

of counter, working, and pseudoreference electrodes on a
chip. In the design, Pt is used as both counter and pseudore-
ference electrodes, whereas vertically grown ZnO NRs act as
working electrode. We also investigated the stability of the
electrochemical signal of the ZnO NR-modified Pt SPEs
before and after antibody immobilization and the detection
of Salmonella bacteria. The success of the study will help
fabricate multimodified sensors on a biochip for further
direct detection of bacterial pathogens.

2. Experimental

2.1. Reagents and Materials. Rabbit anti-Salmonella IgG
polyclonal antibody, Salmonella enteritidis (ATCC 13076),
and Escherichia coli (ATCC 25923) (106 cfu/mL, each) were
provided by the Department of Bacteriology, National
Institute of Hygiene and Epidemiology, Vietnam. Phosphate-
buffered saline (PBS) buffer, bovine serum albumin (BSA),
(3-mercaptopropyl)trimethoxysilane (MTS), N-(γ-maleimi-
dobutyryloxy)-sulphosuccinimide ester (GMBS), zinc nitrate
hexahydrate (Zn(NO3)2·6H2O), and hexamethylenetetramine
(HMTA) were from Sigma-Aldrich. All chemicals were of
analytical grade and used without any further purification.
Deionized (DI) water (>18MΩ) obtained from the Milli-Q
purifying system was used in this study.

2.2. Fabrication of ZnO Nanorod Matrix/Electrode. The
platinum SPEs were designed and patterned according to
standard photolithography and lift-off process on a 4-inch
silicon wafer. The design of platinum SPE is shown in
Scheme 1, which includes Cr/Pt counter, working, and pseu-
doreference electrodes. The double layer of Cr/Pt (20/150 nm
thickness) was deposited on a Si wafer covered with 300nm
of SiO2 using a sputtering system. The thin Cr layer promotes
adhesion of the Pt layer. The circular working electrode has a
diameter of 4mm, and the area covered by the electrodes is
12.56mm2, as in our previous publication [28]. A 20nm of
Zn seed layer was deposited by direct current (DC) sputter-
ing on the Pt layer of the circular working electrode in order
to grow the ZnO NRs thanks to our experience published
previously [29, 30] (Figure 1(a)).

Counter
electrode

Reference
electrode

Working
electrode

Pt electrode

Scheme 1: Design of a platinum based on the SPE.
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Figure 1 describes the whole preparation of ZnO NR-
modified Pt SPEs for electrochemical detection of bacterial
pathogens. After the growth of ZnO NRs on the Pt working
electrode, they were functionalized by crosslinkers to provide
active sites for antibody immobilization. Then, nonspecific
binding sites were blocked by BSA. Finally, bacterial patho-
gens were added on the working electrode for testing by using
electrochemical measurements.

ZnO NRs were vertically grown by a hydrothermal
method, as reported elsewhere [15]. Briefly, an aqueous solu-
tion of 0.02M zinc nitrate hexahydrate (Zn(NO3)2·6H2O)
and 0.02M hexamethylenetetramine (HMTA) was pre-
pared in deionized water (Mili-Q). After vigorously stirring
(700 rpm) the mixture solution for 2 h at 25°C, the microelec-
trodes were loaded upside down in the solution, and then, the
temperature was increased to 80°C. After 24h of deposition,
the ZnO-coated electrodes were washed in deionized water
and dried with an N2 jet (Figure 1(b)).

2.3. Functionalization. Rabbit anti-Salmonella IgG polyclonal
antibodies were immobilized onto the surface of ZnO NRs by
crosslinking with N-[gamma-maleimidobutyryloxy] succini-
mide (GMBS). This heterobifunctional crosslinker contains
N-hydroxysuccinimide (NHS) ester and maleimide groups
that allow covalent conjugation with amino acid side chains
presenting amine and sulfhydryl groups. The immobiliza-
tion process includes silanization and crosslinking, as shown
in Figure 2.

In the silanization step (Figure 2(a)), the ZnO NR
electrode was submerged in a 2% solution of (3-mercapto-
propyl)trimethoxysilane (MTS)/ethanol for 1 h. To remove
the unbounded MTS, the silanized ZnO NRs were then
washed in the solvent and finally dried with an N2 jet. Attach-
ment of the MTS molecules to the ZnO NR surface was
reported to be predominantly through the silane groups with
the sulfhydryl groups molecularly oriented away from the
surface [31]. As metal oxides have hydroxyl groups on their
surfaces, the interaction with silanes (MTS) leads to the for-
mation of covalent -O-Si- groups between the surface and
the crosslinking agent, as shown in Figure 2(a). MTS is a
feasible option for functionalizing ZnO-based biosensors
because it is a commercially available chemical and provides
high antibody surface coverage with good uniformity [32, 33].
Therefore, this stage makes sulfhydryl (-SH) groups available
at the surface of the ZnO NRs for further linking to the mal-
eimide region of the secondary crosslinker GMBS in an
organic solvent [34]. In the crosslinking step (Figure 2(b)),
5μL of the GMBS was spread over the silanized ZnO NRs
and left to incubate for 1 h at room temperature. During this
process, the maleimide region of the conjugate GMBS binds
to the sulphydryl groups present on the silanized surface of
the ZnO. Covalent conjugation is possible by the attach-
ment of the NHS ester groups of the GMBS to the amine
groups of the antibody (Figure 2(c)). At the end, the
prepared sensors were washed in PBS solution and dried
with N2 jet (Figure 1(c)).

ZnO nanorod

BSA

Crosslinkers

Working electrode

(a) (b) (c)

(e)(f) (d)

Zn/Pt-Cr/SiO2/Si
layers

Hydrothermal Functionalization

Blocking

Ab
 at

ta
ch

m
en

t

Antibody
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Figure 1: The schematic outline of the fabrication of on-chip electrochemical electrodes based on ZnONRs: (a) deposition of Zn/Pt electrode
on the silicon substrate, (b) growth of ZnO NRs, (c) functionalization of ZnO NRs with silane and GMBS, (d) antibody immobilization,
(e) blocking the unspecific ZnO NR sites by using BSA, and (f) binding of bacterial antigens on the surface of the working electrode via
specific antibodies immobilized in advance.
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2.4. Preparation of the Electrochemical Biosensor Based on
ZnO NR-Modified Pt SPEs. All reagents and vials were stored
at 4°C during preparation and were left at room temperature
just before analysis. In order to immobilize the antibody on
the ZnO NR matrix electrode, the antibody solution was
prepared by dilution in a 0.01M phosphate-buffered saline
(PBS) solution (pH7.4). In order to investigate electrochem-
ical and biosensing properties of ZnO NR-modified Pt SPEs,
a fixed concentration of 2μg/mL of anti-Salmonella IgG
polyclonal antibody has been selected for capturing the
working electrode [32, 33]. The antibody was dropped onto
the functionalized ZnO NR matrix working electrodes and
incubated for 60min at room temperature to maximize the
binding of antibody to ZnO NRs (Figure 1(d)). Following
the antibody immobilization, a 5μL 0.2% BSA/PBS (0.01M,
pH7.4) was dropped onto the surface of the working elec-
trodes in order to block the blank space (Figure 1(e)) and also

cover nonspecific binding sites, then left them in incubation
for further 60min [4]. The electrodes were washed twice in
PBS to remove loosely bound antibodies. Afterwards, 5μL
of Salmonella bacteria diluted in PBS (0.01M, pH7.4) at a
concentration of 103 cfu/mL was dropped onto the modified
working electrode and incubated for 30min at room tem-
perature, then washed in PBS (0.01M, pH7.4) to remove
unbound components (Figure 1(f)). Similarly, positive
and negative controls were performed with E. coli at a
concentration of 106 cfu/mL and 0.2% BSA/PBS (0.01M,
pH7.4), respectively. After drying the electrodes under gentle
N2 flow, they were analyzed by electrochemical measure-
ments. Expectedly, during incubation, antigens of Salmonella
would bind specifically to antibodies on the surface of
electrodes, forming an insulating immune complex between
Salmonella antibody and antigens, which inhibits electron
transfer from the electrolytic solution to the electrode and
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Figure 2: Antibody immobilization on ZnO NRs via GMBS crosslinker: (a) silanization the surface of the ZnO NRs, (b) conjugation of the
crosslinker GMBS to the silanized ZnO NRs, and (c) conjugation of the antibody with the crosslinking moiety.

4 Journal of Nanomaterials



further changes in the electron transfer resistance. All elec-
trochemical measurements and testing were repeated with
five sensors which have similar electrochemical properties.

2.5. Characterization and Electrochemical Measurements.
Morphology and structure of ZnO NRs were studied by
field effect scanning electron microscopy (FESEM, S4800;
Hitachi) and high-resolution transmission electron micros-
copy (HRTEM, JEM 2100, JEOL). The crystalline structure
was analyzed by XRD (Rigaku Smart Lab®System) with
Cu Kα radiation operating at 40 kV and 40mA. Electro-
chemical measurements were performed by a PalmSens3
(Netherlands). Cyclic voltammetry (CV) and electrochem-
ical impedance spectra (EIS) were recorded in a 5mMK3
[Fe(CN)6]/K4[Fe(CN)6] solution. For CV, the potential
was cycled between -0.6V and +0.6V at a scan rate of
100mV/s. The EIS measurements were performed in the
frequency range from 50mHz to 20 kHz around the open-
circuit potential using an alternating-current probe with
amplitude of 10mV.

3. Results and Discussion

3.1. Characterization of ZnO Nanorods. The morphology of
the ZnO NR matrix on the Pt SPEs was investigated by
FESEM, as shown in Figure 3. The inset of Figure 3(a) is a
picture of the sensor chip based on ZnO NR-modified Pt
SPEs, which involves the Pt counter electrode, the Pt pseu-
doreference electrode, and the ZnO NR working electrode.
Vertical ZnO NRs were successfully grown on the pat-
terned Pt working electrode. Figure 3(b) shows a higher
magnification top-view of the grown ZnO NR matrix.
The as-prepared ZnO NRs have a clear hexagonal cross sec-
tion with a diameter and a length of around 20-200 nm and
5-7μm, respectively. The NRs were firmly grown and
uniformly distributed over the entire circular working elec-
trode substrate. The growth mechanism of ZnO NRs has
been discussed in detail in references [35, 36].

The crystal structure of the ZnO NRs grown on Pt
electrode was analyzed by XRD, and the result is shown
in Figure 4.

The diffraction peaks of the ZnO NRs can be indexed to
the standard profile of the wurtzite ZnO (JCPDS 36-1451)

[13]. Two extra peaks at 2θ = 40° and 46.5° were indexed
to the Pt layer coated over the silicon substrate. No other
peaks are present, signifying the absence of any impurity
or intermediate formation during growth. Sharp and intense
diffraction peaks confirm a high degree of crystallization of
ZnO NRs.

Morphology and crystalline structure of the ZnO NRs
were confirmed by HRTEM analysis, as shown in Figure 5.
Figure 5(a) illustrates a low magnification TEM image of
ZnO NRs with diameters around 30nm. The lattice fringes
of about 2.38Å are visible in Figure 5(b), confirming the good
monocrystallinity of the NRs. The lattice fringes are consis-
tent with the [0001] direction of hexagonal ZnO [12].

3.2. Electrochemical Measurements. To study the influence of
the substrate modification on the performance of the sensing
device, two kinds of electrodes including bare platinum SPEs
and ZnO NR-modified platinum SPEs were investigated. The
antibody (anti-Salmonella Ab) was immobilized on a self-
assembled monolayer (SAM) on electrodes using the same
synthesis protocol as described in Section 2.4.

Cyclic voltammetry (CV) in a solution containing 5mM
[Fe(CN)6]

3−/4− at 100mV/s scan rate gives a typical sigmoid
curve with steady state diffusion limited currents, as shown in

(a) (b)

Figure 3: SEM images of ZnO NRs on the Pt working electrode at different magnifications: (a) low magnification; (b) high magnification.
Inset: a picture of a sensor chip.
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Figure 4: XRD pattern of hydrothermally grown ZnO NRs.
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Figure 6. The CV plot from the ZnO NR-modified working
electrode (Figure 6, the red curve) shows lower redox peaks
than those from the bare Pt electrode (Figure 6, the black
curve), indicating a larger resistance associated with the
ZnO NR modification. After the antibody immobilization
onto the surface of ZnO NR-modified Pt SPEs, the peak cur-
rents of [Fe(CN)6]

3−/4− decreased (Figure 6, the blue curve).
This can be explained by the formation of a monolayer of
antibodies on the surface of electrodes that could hinder the
charge transfer to a certain extent. After incubation with
the sample solution, this layer could be thicker based on the
specific reaction of antigen-antibody on the electrode surface;
indeed, the redox peak currents further decreased (Figure 6,
the dark-cyan curve). This might be attributed to the nega-
tively charged antibody, which obstructed the transfer of
charges. The redox peak currents of antibody-immobilized
ZnO NR-Pt SPEs were stable after 20 cycles of CV scanning.
This confirmed the significant bond strength between ZnO
NR-antibody via the crosslinkers. After the Salmonella bacte-
ria was incubated on the working electrode surface for
30min, the redox peak currents steeply decreased (Figure 6,
the dark-cyan curve). This might be attributed to the thick
layer of antibody-Salmonella bacteria binding which inhib-
ited the electron transfer from the electrolytic solution to
the electrode.

To explain more clearly the phenomenon on the surface
of electrodes, electrochemical impedance spectroscopy
(EIS) was investigated. Thus, the impedimetric measure-
ments of ZnO NR-modified Pt SPEs have been performed
before and after antibody immobilization and also after the
incubation of bacterial antigens, as shown in Figure 7.
Nyquist plots were used to investigate the change in the elec-
tron transfer resistance at the interface between working elec-
trodes and electrolytic solution after each modification step.

The semicircle diameter at higher frequencies was related
to the charge transfer resistance (Rct) that controls the charge
transfer kinetics of the redox probe at the electrode interface.
As can be seen from Figure 7, the bare Pt SPEs exhibited a
small semicircle due to the fast charge transfer process
(Figure 7, the black curve, which was presented in the inset).

It is the EIS of the bare platinum SPEs zoomed in; the
Nyquist plots did not come from the point of origin between
Z ′ and Z″ axes (real and imaginary parts). They started from
the values of around 200 ohm of the Z ′ axis because of the
solution resistance. In fact, Pt is a metal with a high electrical
conductivity. After the modification of the Pt electrode
surface with ZnO NRs, the charge transfer resistance Rct of
the device became higher (Figure 7, the red curve), indicating
that ZnO NRs could detain the charge transfer as a semicon-
ductor material. When the antibody was immobilized on the
working electrodes’ surface, the resistance value significantly
increased, implying that the antibody hindered the charge
transfer to the electrode as an additional barrier (Figure 7,
the blue curve). Subsequently, after the reaction of bacterial
antigen-antibody, the layer at the electrode surface becomes
thicker and the resistance steeply rose even after 5 cycles of
CV scanning (Figure 7, the dark-cyan curve). The Randles

(a) (b)

Figure 5: HRTEM images of ZnO NRs at (a) low and (b) high magnification.
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measured in a solution containing 5mM [Fe(CN)6]
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equivalent circuit of the modified SPEs is also provided
in Figure 7.

For ZnO NR-modified Pt SPEs, factors such as high anti-
body binding and electron transfer rate play a major role. In
this work, all the experiments were performed at pH of 7.4
to retain its bioactivity but also accelerate charge transfer
communication between antigen and the electrode to a
large extent [9].

The respective semicircle diameter corresponds to the
charge transfer resistance (Rct), the values of which are calcu-
lated using the fitting program IviumSoft (developed by
Ivium Technologies, Netherlands) (Table 1). After antibody
immobilization of the ZnO NR-modified Pt SPE surface,
the mean Rct value was calculated as about 2,536Ω after
5 cycles of CV scanning, which is 1.56-fold higher than
the 1,621Ω obtained with the ZnO NR-modified Pt SPEs.
This indicates a clear verification that antibodies have been
successfully immobilized onto the platinum surface and
remained during the electrochemical process. The higher
Rct value can best be explained by reduced efficiency of the
redox couple, [Fe(CN)6]

3−/4−, to reach the electrode surface
in the presence of antibody, presumably due to charge
repulsion between the negatively charged antibody and
[Fe(CN)6]

3−/4− [37]. After the Salmonella bacteria interacted
on the electrode surface, the mean Rct quickly increased,
reaching 9,158Ω after 5 cycles of CV scanning. This might
be attributed to the thicker layer of bacteria-antibody formed,
which obstructed the transfer of charges, as discussed above.
These results were consistent with the results obtained from
CV. After the same scan cycles of CV, the mean Rct values

of ZnO NR-modified Pt SPEs after antibody immobilization
and E. coli incubation were much lower, 2,791Ω and 3,016Ω,
respectively. It is reasonable to suppose that most unspecific
elements have been removed from the electrodes during
washing steps and CV scanning as well. However, there are
still some elements bounded on the electrodes due to the
space obstruction. It also confirms that ZnO NR-modified
Pt SPEs were successfully used for the detection of Salmonella
bacteria at the concentration of 103 cfu/mL and could be
optimized for the further development of biochips for
electrochemical detection of other pathogens.

4. Conclusions

This study revealed that potential biosensors which could be
developed from Pt SPEs modified with vertical ZnO NRs on
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Table 1: The Rct values varied according to the changes on the
surface of modified SPEs.

Sample Rct (ohm)

Pt SPEs 76 66 ± 0 42
ZnO NR-modified Pt SPEs 1,621 00 ± 81 05
Ab/ZnO NR-modified Pt SPEs 2,536 00 ± 177 52
Salmonella-Ab/ZnO NR-modified Pt SPEs 9,158 00 ± 457 90
BSA-Ab/ZnO NR-modified Pt SPEs 2,791 00 ± 167 46
E. coli-Ab/ZnO NR-modified Pt SPEs 3,016 00 ± 211 12
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the working electrode for electrochemical detection of
bacterial pathogens. The morphological and structural inves-
tigation showed that the ZnO NR matrix was well-patterned
and firmly grown on the Pt working electrode without impu-
rities. CV and EIS measurements proved the stability in the
detection of Salmonella bacteria at the concentration of
103 cfu/mL. The study opens opportunities for further
development of electrochemical biochips based on ZnO
NR-modified Pt SPEs for the expansion of rapid and accurate
detection systems for highly pathogenic bacteria.
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We propose a novel approach to synthesize graphene sheets with fine quality by calcinating the composites intercalated with
montmorillonite (MMT) and asphaltene. The graphene sample thus fabricated could reach 10.79 μm long, with smooth and
continuous morphology and with little defects. By analyzing the XRD patterns of graphene/MMT composites at different
conditions, the graphene formation mechanism is elucidated and the optimal calcination conditions are researched. This study
may provide useful insights for low-cost and scalable fabrication of graphene from asphaltene extracted from heavy crude oil.

1. Introduction

Since discovered in 2004, graphene has been shown to have
prominent physical and electronic properties. Many strate-
gies are developed to prepare graphene, such as oxidation-
reduction process, and chemical vapor deposition [1, 2].
However, those methods are high-energy consumptive and
the fabrication cost can also be high.

Recently, the fabrication of graphene by converting the
low-cost asphalt into carbon nanomaterials provides an
alternative approach to take advantage of the byproduct of
heavy crude oil [1]. The fundamental aromatic rings of
asphaltene can be regarded as fragments of graphene, and
the molecular diameter of asphaltene is 1.5~5.0 nm, which
provides an ideal template for graphene formation. Through
the calcination process, the aromatic moieties of asphaltene
recombine to become graphene.

The 8-10 layers of graphene sheets fabricated from the
previous study [1], however, do not testify the prominent
proprieties of graphene. A new method needs to be developed
so that single-layer graphene or low-layer graphene may be

fabricated by limiting the growth of graphene along the
vertical direction. Although the synthesis of graphene along
the vertical direction remains very hard to control, one could
apply a template so that the synthesis takes place within a
confined volume. For that matter, the montmorillonite
(MMT) emerges as an ideal confinement thanks to its 1nm
natural interlamellar spacing structure. And the main purpose
of this paper is to fabricate large-dimension single- or low-
layer graphene through intercalation with MMT.

In practice, however, the 1 nm interlamellar spacing may
be too limited for the growth of graphene, and modification
of the MMT is required. STAB is chosen for MMT modifica-
tion, through which the lamellar spacing of MMT can be
expanded from 1nm to 2.1 nm [3, 4], which may provide
adequate spacing for asphaltene adsorption. By adjusting dif-
ferent combined calcination conditions including tempera-
ture and time, the calcination process is optimized in this
work, and large-dimension graphene sheets are prepared by
acid treatment. The prepared graphene is examined by
XRD, Raman, AFM, SEM, and TEM, and optimum fabrica-
tion condition is proposed. The work may inspire low-cost
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and scalable production of graphene through engineered
MMT and calcination process.

2. Experimental

2.1. Materials. Asphaltenes are extracted from Tahe heavy
crude oil. MMT is pretreated following the procedure
reported elsewhere [3, 5]: 50.0 g MMT is mixed with 4.0 g
Na2CO3 and stirred for 30min every 3 h for 24 h. After that,
MMT is filtrated by suction filtration from the solution and
dried in an oven at 80°C in vacuum for 6 h. Next, 3.0 CEC
STAB is fed slowly into 5.0wt.% MMT solution under stir
at 80°C for 4 h, followed by filtration and washing until no
Br− is detected. Finally, the modified MMT is grinded and
then sieved by a 325-mesh sieve.

2.2. Preparation of Graphene. The procedure for graphene
synthesis is illustrated in Figure 1. Firstly, 1.0 g asphaltene
and 20ml toluene are mixed and subjected to ultrasonication
for 1 h. Next, 10.0 g treated MMT is slowly fed in and stirred
for 1 h. Asphaltene/MMT composites are collected after fil-
tration and dried at 100°C in vacuum. The composite is then
pyrolyzed in N2 for 2 h at 700°C [1] and calcined in air for
15min at 700°C in muffle. During this step, graphene is syn-
thesized between the layers of MMT. Finally, the graphe-
ne/MMT composite is etched in the solution of 10wt.% HF
and 10wt.% HCl under stirring. The graphene is filtrated
and dried until the color of filtrate became transparent. After
acid wash, the absolute asphaltene could be scooped up from
the supernatant liquid.

3. Results and Discussion

3.1. Structural Characterization of Graphene. X-ray power
diffraction (XRD; Bruker) is used to examine the structure
of graphene [6]. Samples prepared from asphaltene/MMT
composites calcined in air with different conditions are
examined, so that an optimal process may be identified.
Figures 2(c) and 2(d) show the comparison of XRD diffrac-
tion patterns of GN/MMT samples calcined in air at different
times ranging from 15min to 2 h, at 600°C and 700°C, respec-
tively. According to the Bragg equation (2d · sin θ = n · λ), the
characteristic peak at 2θ = 23 15° corresponds to the interpla-

nar spacing value of 0.38 nm. The characteristic peak at 2θ
= 23 15° exists in all conditions except for 2 h calcinations
regardless of the temperature used.

In Figure 2(a), the weak peak at around 23.1° is nearly 0,
which indicates that there is no characteristic peak similar to
graphene. The weak peaks at around 23.1° for 2 h calcination
at both 600°C and 700°C (Figures 2(c) and 2(d)) indicate that
most of the graphene are burnt out, and the montmorillonite
is decomposed under such high temperature so that there are
no characteristic peaks of montmorillonite in Figures 2(c)
and 2(d). For other calcination conditions, the detailed infor-
mation including peak height, full-width at half-maximum
(FWHM), and crystallinity of GN/MMT in XRD patterns is
presented in Table 1. The crystallinity is calculated by using
MDI Jade 6. The higher value of peak height in XRD indi-
cates the larger amount. The results indicate that more gra-
phene with lower crystallinity is obtained at 600°C, while
the sample with the highest crystallinity is obtained at 700°C.

Owing to the high crystallinity being positively correlated
with fine quality, the condition of 15min calcination at 700°C
is regarded as the optimal calcination condition in the pres-
ent study. The purified graphene is obtained after acid ero-
sion and wash. The XRD pattern of the purified graphene
at 23.09° (Figure 2(b)) shows that purification improves the
crystallinity of graphene to 81.90% at the optimal condition
mentioned above. In addition, the peaks around 15°~17°
indicate the existence of some unconfirmed impurities.

Raman spectroscopy is useful for confirming the pres-
ence of sp2 phase in graphene [7], and in Figure 2(e), two typ-
ical bands are shown at 1596 cm−1 (G band) corresponding to
the E2g phonon at the Brillouin zone and at 1346 cm−1 (D
band), indicating a disordered structure or the edge of the
sample associated with structural defects [2, 8–12]. The
intensity of D band is 125, and the intensity of G band is
152.5, thus the ID/IG intensity ratio (0.82) is much smaller
than the graphene similarly prepared from asphaltene by
Xu et al. [1], reflecting better quality with fewer vacancies
or disorder defects [13]. Since the adsorption spacing of
modified MMT is just about half of the spacing of modified
vermiculite [1], it provides more appropriate spacing for gra-
phene synthesis and facilitates the fabrication of low-layer
graphene sheets. Owing to the smaller spacing for graphene
synthesis, the pyrolysis time in N2 can be increased from

Calcined in air

Calcined in N2

Acid erosion

Graphene (GN)

Adsorbed

Montmorillonite (MMT)

Intercalated

Asphaltene

700 °C

Figure 1: Schematic of preparation of large-dimension graphene sheets based on asphaltenes.
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1h to 2 h to ensure the adequate carbonization of asphaltene
molecules intercalated into MMT, and the ID/IG intensity
ratio is reduced consequently. And the step of calcination
in air removes the allotropes of graphene. These results are
consistent with the high crystallinity without allotropes from
XRD analysis.

3.2. Topographical Analysis of Graphene. Graphene sheet
prepared under the condition of 700°C for 15min is under
investigation in the section. The topography and the thick-
ness of prepared graphene are examined by atomic force
microscope (AFM; Veeco). Figure 3(a) shows that the gra-
phene is coherent with little defects, attaining a length of
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Figure 2: XRD patterns of modified montmorillonite (a) and purified graphene sheets (b) and different calcining time of graphene/MMT
samples at 600°C (c) and 700°C (d) without erosion treatment and the Raman spectrum (e) of the prepared graphene with ID/IG 0.82 at
around 23.1°.

Table 1: Results of XRD analysis of graphene/MMT samples at six
conditions.

Temperature
Time
(min)

2θ (°) Peak
height

FWHM
(°)

Crystallinity
(%)

600°C

15 23.11 21 2.317 50.84

30 23.09 97 1.913 45.19

60 23.12 97 2.449 54.43

700°C

15 23.09 33 1.620 78.63

30 22.92 67 2.635 33.93

60 23.12 33 1.762 59.90
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Figure 3: AFM image (a) and height profiles (b, c) of the asphaltene-derived graphene sheet. SEM (d, e) and TEM (f, g) images of the
asphaltene-derived graphene sheets.
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10.79 μm and with a width of 6~7μm. AFM analysis
(Figures 3(b) and 3(c), along lines AB and CD, respectively)
indicates a flat feature with a consistent thickness of
~1.81 nm. Since the thickness of ideal single-layer graphene
is approximately 0.34 nm [14], the present graphene sheet
may represent three layers of graphene according to the
three-layer graphene with height ~1.9 nm by Li et al. [15].
Furthermore, the RMS (root mean square) roughness
estimated with AFM data is 0.31 nm over a 60 μm2 area
[16], reflecting an overall smooth surface of the graphene
plane [17].

The morphology of the graphene samples is investigated
using a scanning electron microscope (SEM; FEI NOVA
Nano SEM 450) and high-resolution transmission electron
microscopy (HRTEM; JEOL JEM-2100). Figures 3(d) and
3(e) show the scanning image of asphalt-derived graphene
sheet attached to a copper sheet. The graphene sheet is quite
smooth with little defects. In addition, a graphene sheet with
the size up to 600μm can be obtained by using the current
method. According to the HRTEM images (Figures 3(f)
and 3(g)), the asphaltene-derived graphene sheet is fairly
smooth and transparent, which is in close agreement with
the observations in AFM.

According to relevant studies [18–20], double-layered
graphene sheet may become very attractive. To obtain even
fewer layers of graphene, the MMT may be modified from
hydrophilicity to lipophilicity without the expansion of inter-
lamellar spacing of MMT, so that double-layered graphene
might be possibly generated within the interlamellar spacing
of around 1.5 nm. Moreover, recarbonization may lead to a
larger scale of graphene sheets. These studies will be carried
out in the future.

4. Conclusions

A novel low-cost approach to prepare low-layer graphene is
presented by intercalation of asphaltene and MMT. Thanks
to the appropriate interlamellar spacing provided by modi-
fied MMT, which blocks the crispation of asphaltene mole-
cules to forming carbon nanotubes but only graphene
sheets. The intercalation degree of asphaltene by thermogra-
vimetric analysis (TGA) and recycle of unreacted asphaltene
should be investigated in future works to get the optimal
strategy to maximize the yield. The longer pyrolysis time in
N2 atmosphere reduces the ID/IG intensity ratio and defect,
which improves the quality of the obtained graphene sheets.
In addition, the calcination process in air removes the allo-
tropes of graphene to approach high crystallinity. By using
low-cost raw chemicals from the heavy oil and calcined at
optimal conditions (15min at 700°C), three-layer graphene
sheets with large dimension and high quality (with high crys-
tallinity and low defect ratio) are successfully obtained.
Microscopy examination confirmed the integrity of the pre-
pared graphene. The proposed methodology has the advan-
tage over other chemical pathways, such as oxidation-
reduction, which may preserve the pristine structure and
maintain the integrity of graphene. The present work may
inspire further study of scalable production of low-layer gra-
phene sheets.
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According to the concept of waste utilization and environmental protection, carbon quantum dots (CQDs) with high quantum
yield and good stability were synthesized from waste tea leaves and peanut shells by a one-step hydrothermal method. In this
study, we explored the synthetic conditions, structures, and optical properties of CQDs. Their unique characteristics of emitting
strong and steady blue fluorescence under excitation of ultraviolet light and possessing of plenty of hydrophilic groups on a
surface conferred CQD potentials in the field of biomarkers and analytical detection.

1. Introduction

Carbon quantum dots (CQDs) are quasizero-dimensional
carbon nanoparticles with an average particle size of less than
10nm, and the surfaces of CQDs contain many organic func-
tional groups. The synthesis of the CQDprocess is simple, and
the rawmaterials are low-cost. Due to their low toxicity, good
biocompatibility, high chemical stability, and good light sta-
bility, CQDs have potential applications in many fields such
as biomarkers [1], ion detection, and photocatalysis [2–6].
Meanwhile, a CQD preparation method has many advan-
tages, such as abundant carbon sources, simple reaction
equipment, and high fluorescent efficiency. The synthetic
CQDs are soluble in water. 0.2mL tea soup and 0.1mL CQD
solution were added into the tube, and the solution wasmixed
[7–11]. To date, there are many ways to synthesize carbon
quantum dots: for example, electrochemistry, combustion,
ultrasonic, pyrolysis, andmicrowave. Butmost of themethods

are complex, costly, and toxic. The toxic substances used in
the experiment have always been the problem that researchers
are eager to solve. Therefore, it is very important for us to
explore a simple, low-cost, and low-toxic synthesis method.
[12] In addition to the reagents purified in laboratory, house-
hold waste which provides a rich carbon source can also be
used as raw materials to synthesize CQDs [13–17]. In coun-
tries where people like drinking tea, such as East Asia and
UK, large amounts of discarded tea leaves are produced every
year. The same neglected situation also occurred on the pea-
nut shell. The number of peanut shells discarded each year is
also very large, and the shell is difficult to recycle. The reuse
of wastes has become one of the hottest scientific research
topics nowadays. In this study, a hydrothermal synthesis
method for preparing CQDs from abandoned tea leaves
and peanuts shell was created (Figure 1), by which the gener-
ated CQDs become soluble in water properly and gain excel-
lent fluorescence characteristics and good stability.
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2. Experimental Section

2.1. Apparatus and Reagents. Ethanol and acetic acid were
purchased from Sinopharm Chemical Reagent Co. Ltd. All
reagents used were of analytical grade without further treat-
ment. The water used throughout was ultrapure water. Dia-
nhong black tea samples were collected from Yunnan
Dianhong Black Tea Group Co. Ltd. Abandoned Tieguanyin
Tea (purchased on Taobao) was soaked in hot water at 100°C
for 5 times and dried in an oven to get the discarded tea. Pea-
nut shell was washed with pure water and dried in an oven at
100°C, then grinded into powder by a crusher, packed in a
sealed bag, and kept at 4°C.

A Cary Eclipse fluorescence spectrophotometer (Agilent
Technologies, America) and a UV-2100 ultraviolet spectro-
photometer (Shimadzu Corporation, Japan) were used to
record fluorescence spectra and absorption spectra of CQDs,
respectively. A HT-7700 transmission electron microscope
(TEM) was used to observe the size and morphology.

2.2. Synthesis of Tea CQDs. The preparation process of CQDs
is shown in Figure 1. Firstly, ground tea powder was dis-
solved in 30mL 3% acetic acid solution and sonicated for
15min. Then, the mixture was poured into a 50mL PPL reac-
tor to react at 200°C for 4 h and cooled down to room tem-
perature after the reaction finished. The obtained yellow
liquid was filtered twice by a 0.22 μm microfiltration mem-
brane and dialyzed in a dialysis bag for 24h to obtain CQD
solution; the pure water was changed every 6 hours. A light
yellow CQD powder was obtained after vacuum drying.

2.3. Synthesis of Peanut Shell CQDs. Firstly, peanut shell pow-
der was dissolved in 30mL 3% acetic acid solution and soni-
cated for 15min. Then, the mixture was poured into the
50mL PPL reactor to react at 200°C for 4 h and cooled down
to room temperature after the reaction finished. The
obtained yellow liquid was filtered twice by a 0.22 μmmicro-
filtration membrane and dialyzed in a dialysis bag for 24 h to
obtain a CQD solution.

2.4. Characterization of CQDs. The luminescence properties
of samples were determined by a fluorescence spectropho-
tometer and an ultraviolet spectrophotometer. The morphol-
ogy and size of the samples were observed and determined
using a TEM.

2.5. Application of Quantum Dots in Detection. The pur-
chased black tea had been divided into 8 experimental grades

(Super, First, Second, Third, Fourth, Fifth, Sixth, and Out-
side) based on its quality. Three samples (0.1 g per sample)
were taken from each tea grade, yielding a total of 24 samples.
100mg of each tea samples was soaked in water at 90°C for
3min. After adding 3mL of water to a 5mL centrifuge tube,
0.2mL of tea soup and 0.1mL of quantum dot solution were
added and the mixture was shaken. The sample was subjected
to fluorescence detection, and the data was saved for analysis.

3. Results and Discussion

3.1. The Effect of Carbon Source Dosage on CQD Preparation.
When using tea as a carbon source, we weighed 0.25 g, 0.50 g,
0.75 g, 1.00 g, 1.25 g, and 1.50 g of tea to get reactions sepa-
rately. Through the fluorescence spectrum (Figure 2(a)), the
fluorescence intensity did not change anymore when the
amount of the tea reaches 1 g. It showed that the optimal reac-
tion of tea CQDs is 1 g, and the best ratio of waste Tieguanyin
tea powder quality to 3% acetic acid solution is 0.033 g/mL. As
shown in Figure 2(b), 0.25 g, 0.50 g, 0.75 g, 1.00 g, 1.25 g,
1.50 g, 1.75 g, 2.00 g, and 2.25 g of peanut shell were used to
get reactions separately. Different from tea, when the amount
of peanut shell exceeds 1.5 g, the fluorescence intensity
showed a significant decrease indicating the optimumamount
of the peanut shell powder for preparing the CQDs is 1.5 g.

3.2. The Effect of Reaction Time on CQD Preparation. For tea
CQDs, we recorded the fluorescence spectrum (Figure 3(a))
of the reaction time in 120, 180, 240, 300, 360, 420, and
480min, respectively. The results showed the fluorescence
intensity did not change after the reaction time reached
300min, which meant the optimal reaction time of tea car-
bon quantum dots was 300min. The fluorescence intensity
of the peanut shell is shown in Figure 3(b), the measured
fluorescence intensity was the strongest when the reaction
time was 300min. After that, as the reaction time increased,
the fluorescence intensity gradually decreased. It showed that
the optimal reaction time of peanut shell CQDs was 300min.

3.3. The Effect of Reaction Temperature on CQD Preparation.
The tea reaction solution was reacted at 100°C, 150°C, 180°C,
200°C, 210°C, 220°C, 230°C, 240°C, 250°C, 260°C, and 270°C,
for 300min respectively. As shown in Figure 4(a), as the tem-
perature raised, fluorescence intensity first increased, then
decreased, and the intensity reached a maximum at 250°C.
Similarly, we also optimized the reaction temperature of pea-
nut shell CQDs. The tests were carried out at 100°C, 150°C,

Figure 1: Process routing of CQDs.
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Figure 2: Influence of carbon source dosage of (a) tea and (b) peanut shell.
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180°C, 200°C, 210°C, 220°C, 230°C, 240°C, and 250°C. From
Figure 4(b), when the holding temperature exceeds 200°C,
the measured fluorescence intensity did not change signifi-
cantly. It showed that the optimal preparation temperature
for carbon quantum dots is 200°C.

3.4. Spectral Properties of CQDs. According to the TEM test
results (Figure 5), there was no obvious difference in the mor-
phology between tea CQDs and peanut shell CQDs. The
diameter was 7-9 nm, its shape was spherical, and the disper-
sion was uniform, which indicated the tea CQDs and peanut
shell CQDs were more stable in water.

The tea CQDs had the strongest fluorescence intensity at
325nm under different excitation light conditions and emit-
ted blue light fluorescence.

Therefore, the wavelength of the best excitation light was
325nm; as the wavelength of the excitation light increases,
the fluorescence appeared red-shifted. It is shown in Figure 6

that optimum excitation wavelength of peanut shell CQDs
was 335nm and the luminescence was also concentrated in
the blue light region.

Through the infrared spectrum (Figure 7), it could be
seen that there were some differences in the functional
groups between the two carbon quantum dots. Quantum
dots using tea as a carbon source had more functional groups
on the surface than the others, such as -COOH and -OH, so
the water solubility and stability of CDQs were very good.

3.5. Application of CQDs. As we knew, many substances
could cause the quenching of quantum dots. The content of
tea was very rich, and tea soup could cause the quenching
of CQDs. There were differences in the ingredients contained
in different grades of tea. However, such a difference was rel-
atively subtle and had high requirements for the accuracy of
the test instrument. This high sensitivity of carbon quantum
could be used to identify such subtle differences. We took

(a) (b)

Figure 5: Transmission electron microscopy micrograph of CQDs of (a) tea and (b) peanut shell.
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Figure 6: Fluorescence spectrum of CQDs of (a) tea and (b) peanut shell.
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black tea as an experimental sample and divided it into eight
grades (Super, First, Second, Third, Fourth, Fifth, Sixth, and
Outside). For each grade, three tea samples were taken for
experiment. We used SPSS software to perform principal
component analysis on the quantum dot fluorescence curve
(Figure 8(a)) after black tea annihilation. The cumulative
contribution rate of the first principal component and the
second principal component is 99.15%, which was sufficient
to indicate that the two data could sufficiently represent the
information of the sample. We constructed the two-
dimensional image by taking the first principal component
and the second principal component data as the x-axis and
the y-axis, respectively. It could be seen from Figure 8(b) that
each grade of tea sample had a certain regional distribution.
This provided an idea for using quantum dots to discriminate
tea grades or food quality in the future.

4. Conclusions

We used waste tea leaves and peanut shells as carbon sources
to synthesize CQDs. This method has advantages of
extremely low cost and easy manipulation. The synthesized
light yellow CQD solution emitted strong blue fluorescence
under the irradiation of ultraviolet light with a wavelength
of 365nm. After the optimization of preparing conditions
and characterization of CQDs, we found the best preparation
condition is 200°C. It is known that the CQDs are 7~9nm in
size, spherical in shape, and homogenous in water. The sur-
face contains a large number of hydrophilic groups. Further-
more, we used CQDs to discriminate tea grades with high
accuracy. The results obtained in this work provided a way
to reduce costs for the practical application of carbon quan-
tum dots in the future.

40

4000 3500 3000 2500 2000
Wavelength (cm−1)

1500 1000

50

60

70

3244
2925

1697

1646

1453

1184 751

1060

80

90

100

T
 (%

)

(a)

4000 3500 3000 2500 2000
Wavelength (cm−1)

1500 1000

40

50

60

70

3278

2945

1690 1421

1062

80

90

100

T
 (%

)

(b)
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VO2 particles are promising materials for thermochromic smart windows that reduce building energy loss. Continuous-flow
hydrothermal processes showcase advantages for synthesizing VO2 particles compared with traditional batch reaction systems.
Mixers play a crucial role in particle fabrication in continuous-flow systems. In this study, a Center T-Mixer and a Collision
Cross-Mixer are developed and implemented in a hot water fluidized suspension reaction (HWFSR) system. The influence of
the resident time on the particle phase and size was evaluated, and properties of particles derived from systems equipped with
differing mixers were compared. The resulting particles were characterized using techniques of X-ray powder diffraction (XRD)
analysis, scanning electron microscopy (SEM), and differential scanning calorimetry (DSC). When compared with the Center
T-Mixer, results indicate that the Collision Cross-Mixer has better control regarding the morphology and size distribution
of resulting particles while improving the transition temperatures of the as-synthesized materials. HWFSR systems containing
novel mixer designs are capable of producing pure M-phase VO2 particles in a single step contrary to the current reactor design
that use a second postheat treatment step, and they are capable of synthesizing many other nanoparticle species, especially those
requiring high temperature and pressure reaction conditions.

1. Introduction

Thermochromic smart window technologies are attracting
tremendous attention due to their ability to regulate infrared
heat without noticeable change in visible light transmittance
[1]. Vanadium dioxide has shown potential to be utilized
as a smart window film material due to its temperature-
dependent phase transition behavior in which there are dra-
matic changes in electrical and optical properties [2]. Among
the various existing polymorphs, VO2 (A), VO2 (B), VO2
(M), VO2 (R) [3], etc., the most suitable polymorph for smart

window applications is VO2 (M) because of its fully reversible
metal insulation transition (MIT) temperature of 68°C,
which is significantly lower than the transition temperatures
of the other phases [4]. There are several major challenges for
current VO2-based smart window/window films including
limitations of the solar transmission modulation (ΔTsol)
which is the difference in IR light transmission between the
low and high temperature states (usually under 10%), low
luminance transmittance (T lum) which is the fraction of
visible light transmittance (normally less than 40%), and
the high phase transition temperature Tc (about 68

°C) [5].
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Emerging technologies demonstrate the potential for over-
coming these challenges by tuning the particle size, shape,
aspect ratio, environment, and doping [6–8].

One of the most convenient routes for VO2 nanoparticle
fabrication is through a hydrothermal reaction [9]. Tradi-
tionally, the reaction is performed in an autoclave batch reac-
tor, requiring reaction times of 1-7 days [3] at temperatures
and pressures over 220°C and 20 bar, respectively [9], induc-
ing potential explosion hazards. Continuous-flow processing,
however, is capable of conducting a hydrothermal reaction
more quickly and safely than batch processes with reaction
times ranging from a few seconds to few minutes with only
a small volume of solution present in the reactor at any one
time. In addition, reaction parameters such as temperature,
pressure, and resident time are more convenient to control
and investigate [10–12] in a continuous-flow process. A
two-step route for VO2 (M) nanoparticle synthesis consisting
of a continuous-flow particle production step and a separate
postannealing step has been used [13]. However, a postan-
nealing step is not economically efficient for a large-scale
production in regard to time and energy consumption.
Recently, our group fabricated pure M-phase VO2 particles
using a hot water fluidized suspension reaction (HWFSR)
under two minutes [14]. Our novel reaction system uses a
traditional T union to mix the hot water solution and reac-
tant which enters through the side. Although the reaction
occurring in this system is fast and safe, there is a small depo-
sition of nanoparticles on the metal tubing at the reactor
entrance due to a heated stainless steel entrance which ini-
tiates particle nucleation early and prior to mixing. In the
new HWFSR system, the reactant enters through the bot-
tom of the Center T-Mixer containing a flow distributor
and a cooling jacket which prevents the particles from
growing on the interior wall of the mixer. This single-
step synthesis avoids an additional postannealing treatment
step while maintaining the production of pure M-phase
VO2 particles.

Mixing at the entrance is one of the key parameters that
trigger instant nucleation and a resulting homogeneous
particle size distribution for continuous-flow hydrothermal
reaction systems. Unfortunately, a traditional 90° angle T-
Mixer is reported to show slower mixing compared with
30°, 50°, and 60° angles or swirling T-Mixers [15, 16]. Other
types of passive mixers, including swirling cross mixers
[17], micromixers with needle adjustment [18], and center
collision mixers [19], are all able to reduce the particle size
and increase the uniformity of the particle size distribution
but require additional machining and cost.

In this research, we continue the development of a hydro-
thermal continuous-flow process for VO2 particle synthesis
using both a Center T-Mixer and a Collision Cross-Mixer.
In the Center T-Mixer, hot water flows out from a small
orifice in the center of the T union, before mixing with the
reactant solution. The small orifice induces a higher flow rate
on the hot water and guarantees a better contact of water
with the reactant solution. In the Collision Cross-Mixer,
two orifices are used for introducing hot water with a third
used for bringing in reactant solution. The collision high flow
rate liquid in the center of the cross union creates rapid

mixing of the three groups of flow. VO2 (M) particles are
prepared from the HWFSR system using either a Center T-
Mixer or a Collision Cross-Mixer in a single step. Flow rates
(resident times) affect VO2 particle properties. Both mixer
styles are compared under various flow rates within the reac-
tion system. When comparing the two styles of mixers, the
Collision Cross-Mixer produced smaller VO2 particles with
a narrower particle size distribution. This study also provides
a systematic approach and reference for using two differing
types of mixers for the hydrothermal continuous fabrication
of other nanomaterials.

2. Materials and Methods

2.1. Materials, Design of Apparatus, and Procedures. V2O5
and C2H2O4·2H2O (Sigma-Aldrich) are used as starting
materials. In a typical synthesis procedure, an appropriate
amount of V2O5 and C2H2O4·2H2O (molar ratio 1 : 3) is dis-
solved in 50mL, 60mL, or 70mL distilled water. The mixture
is then left in an ultrasonic bath for 1 hour for thorough mix-
ing and V5+ reduction. A dark blue solution is thus formed
with a V4+ concentration of 0.0712mol/L. All the chemicals
are used without further purification.

The HWFSR system used a Center T-Mixer for this
study, as shown in Figure 1(a). A similar setup with a T union
instead of a T-Mixer was used by our group previously and is
described elsewhere [14]. The current setup contains two
HPLC pumps (BlueShadow 40P and BlueShadow 20P,
Knauer Inc.): one for the hot water injection stream and the
other for the precursor solution. Two check valves (Swagelok
Inc.) are used to prevent the gas generated during the
reaction from returning to the pumps, and two relief valves
(Swagelok Inc.) are used to relieve the system if pressures
exceed 250 bar. Prior to the reaction, hot water (10mL/min,
5mL/min, or 4mL/min) is heated up by a furnace (Applied
Test System Inc.) to subcritical conditions, and a precursor
solution (5mL/min, 2.5mL/min, or 2mL/min) is kept cool
by a cooling jacket. Then, the hot water and precursor
streams are sent to the mixer system. Mixed in the mixer,
the reactant stream is dispersed by an in-house-built dis-
tributor containing an inner porous metal substrate (pro-
vided by Mott Co.) while the hot water is expelled from a
1/8″ tube within 3/8″ T union (Figure 1(b)). Following the
mixing, the stream is sent to the tube reactor located within
a furnace (Phoenix Flow Reactor™, purchased from Thales-
Nano Nanotechnology Inc. to solely use the furnace), which
is set to a temperature of 350°C to maintain a reaction tem-
perature of 345°C (which is mainly achieved by the introduc-
tion of the hot water stream). In order to cool down the
product solution of mostly VO2 nanoparticles and water after
the tube reactor, a heat exchanger (Sentry Equipment &
Erectors Inc.) is fixed adjacent to the tube reactor’s outlet.
Located in series downstream from the heat exchanger,
two back pressure regulators (TESCOM, Emerson Electric
Manufacturing Co.) maintain a system pressure of 170
bar. An outlet fluid containing VO2 nanoparticles in the
form of a black liquid suspension passes through the back
pressure regulators and gets collected by a glass bottle. Then,
the suspension is washed seven times using a centrifuge
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with the Center T-Mixer. (b) A Center T-Mixer.
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(7600RPM) and ethanol, followed by the collection of the
product, a black liquid suspension. Finally, the samples are
left in air overnight to dry. All the tubing and fittings for
the reaction system were purchased from Swagelok Inc.

Figure 2(a) depicts the HWFSR system using a Collision
Cross-Mixer. In this design, the mixer is comprised of a
3/8″ cross containing two 1/16″ tubes for hot water inlets
and a 1/8″ tube for a reactant inlet. The hot water enters
from both the left and right sides of the cross while the
reactant enters from the bottom as shown in Figure 2(b).
Every other section of the system is the same as the previ-
ously described HWFSR system using a Center T-Mixer
Figure 1(a). This new system was designed to enhance
mixing between the reactant and hot water, thus leading
to more nucleation locations, a more uniform temperature
distribution within the reactor, and a more uniform VO2
nanoparticle size distribution.

2.2. Characterization. The phase purity data is determined by
X-ray diffraction (XRD) analysis, which is carried out on a
Bruker D2 Phaser using a CuKα1, a CuKα2, and a 1% Kbeta
line X-ray source and a Lynxeye detector. Scanning was per-
formed over a 2θ angle ranging from 10° to 70° with a step
size of 0.05 units and a rate of 0.1 s/step. The morphology
and surface structure of a sample are examined using a scan-
ning electron microscope (SEM) (10 kV acceleration voltage,
JEOL 7500) at room temperature. ImageJ software is used to
measure the particle diameters. Phase transition properties of
the samples are analyzed using differential scanning calorim-
etry (DSC) (DSC823, Mettler-Toledo International Inc.) with
a temperature ranging from 15°C to 90°C, a heating/cooling
rate of 2°C/min, and a liquid nitrogen cooling system.

3. Results and Discussion

In this study, six experiments were performed with HWFSR
systems, three each using the Center T-Mixer and the Colli-
sion Cross-Mixer. Flow rates were 10mL hot water/min
and 5mL reactant/min (mean residence time: 0.7min),
5mL hot water/min and 2.5mL reactant/min (mean resi-
dence time: 1.5min), and 4mL hot water/min and 2mL reac-
tant/min (mean residence time: 1.8min) as shown in Table 1.
These variations in flow rates are used to evaluate the effects

of resident time and the mixer. A reactant temperature of
345°C and a V4+ concentration of 0.712mol/L were selected
based on former experimental results [14].

Figure 3(a) displays the XRD patterns for samples pre-
pared from a HWFSR system mounted with a Center T-
Mixer denoted as T1, T2, and T3. All the samples were shown
to be well crystallized, and typical peaks for VO2 (M), VO2
(A), and VO2 (B) phases were detected without phase
identification of other possible VO2 phases. Samples pre-
pared with hot water and reactant flow rates of 10mL/min
and 5mL/min, respectively, with a mean residence time of
0.7min produced a mixture of peaks for VO2 (M), VO2
(A), and VO2 (B). As the hot water and reactant flow rates
are reduced towards 5mL/min and 2.5mL/min, respectively,
increasing the mean residence time to 1.5min, the intensity
of XRD peaks for VO2 (B) phase and VO2 (A) phase
decreases. When the mean residence time is increased further
to 1.8min with corresponding hot water and reactant solu-
tion flow rates of 4mL/min and 2mL/min, respectively, only
peaks corresponding with pure M-phase VO2 could be iden-
tified. The trend indicates that VO2 (M) particles are more
favored with longer resident times. Figure 3(b) shows a
similar set of samples fabricated from a HWFSR system
mounted with a Collision Cross-Mixer. They exhibit similar
phase and crystal indicators as the samples formed from
the system mounted with Center T-Mixer.

Morphologies of the particles synthesized from HWFSR
systems are displayed in Figure 4. Particles prepared using a
Center T-Mixer are shown to have a size distribution ranging
from a few nanometers to around 1 μm in diameter with
various rod- and spherical-shaped nanoparticles. When high
hot water and reactant solution flow rates of 10mL/min and
5mL/min, respectively, were applied, less micron-sized parti-
cles were produced, and the portion of large particles became
more dominant as the flow rates were lowered (Figure 4(a)
T3 and Figure 4(b) T3). As discussed in prior research [14],
a longer resident time, while beneficial for producing M-
phase particles, results in the aggregation of small particles
into larger particles. Additionally, at the entrance of the
HWFSR, a differential rate of precursor decomposition and
grain growth causes a polarized particle size distribution.
Rapid heating and homogeneous nucleation are playing
substantial roles in forming smaller and more uniform parti-
cles [19]. In this research, the decomposition temperature of
the intermediate precursor VOC2O4 is 342.9

°C [20]. Super-
saturation occurs when hot water supplies enough energy
to the reactant solution, which then triggers the subsequent
nucleation. After the fluid passes the entrance of the mixers,
the flow is considered to be laminar with an estimated
Reynolds number (Re) between 67 and 168, when total flow
rates range from 6mL/min to 15mL/min. A nonuniform
particle size distribution will trigger differential travelling
speeds between larger particles and smaller particles along
the reactor, which will increase the probability of particle
collision thereby increasing both particle aggregation and
elevating the Ostwald ripening. In contrast, if all the particles
passing the reactor entrance are of a similar size and shape,
the particles tend to not collide with each other under

Table 1: VO2 nanoparticle samples prepared via Center T-Mixer
and Collision Cross-Mixer mixing systems under various flow
rates. (10, 5) represents flow rates of hot water and reactant
solution of 10mL/min and 5mL/min. All the samples are prepared
under reaction temperature of 345°C and a V+4 concentration of
0.0712mol/L.

Sample Mixer type Flow rate (mL/min)

T1 T 10, 5

T2 T 5, 2.5

T3 T 4, 2

C1 Collision cross 10, 5

C2 Collision cross 5, 2.5

C3 Collision cross 4, 2
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moderate concentration and will likely not grow into larger
particles before flowing out the reactor. Therefore, choos-
ing the right style of mixer is crucial in regard to both initially
and eventually formingmonodispersed particles. As observed
in Figures 4(a) and 4(b) (C1-C3), the Collision Cross-Mixer
(Figure 2(b)) appears to improve mixing when compared
to the Center T-Mixer (Figure 1(b)) because it allows enter-
ing hot water flow from both sides of the union cross through
small orifices rather than only one side. This type of design
creates numerous tiny eddies when the two groups of
hot fluid from 1/16″ tubings meet the reactant solution from
a 1/8″ tubing. These eddies significantly increase mass and
heat transfer between the fluids. Compared with Center T-
Mixer, a symmetric mixer design is also beneficial for
improving homogeneity of energy dissipation, supersatura-
tion, and the nucleation afterwards. At high hot water and
reactant solution flow rates of 10mL/min and 5mL/min,
respectively, particles formed from the Collision Cross-
Mixer mounted system demonstrate better uniformity and
sizes up to 400 nm (Figure 4(b)), when comparing them to
the nanoparticles formed from the Center T-Mixer mounted
system at equivalent flow rates.

When viewing SEM images of samples that were formed
utilizing lower flow rates of 4mL/min and 2mL/min, the
average particle size is larger for both the Collision Cross-
Mixer and Center T-Mixer. Longer resident time triggers
the aggregation of the particles. However, the undesirable
particle growth could be mitigated by applying higher tem-
perature under larger flow rates (shorter resident time) or
by utilizing stabilizing agents. In the case of bipolar particle
size distribution caused by uneven mixing, longer resident
time also assists larger particle growth by consuming smaller
particles gradually, which could be explained by the theory
of Ostwald ripening. As a matter of fact, microsized VO2
hollow spheres have been synthesized previously based on
this theory in an autoclave reactor [21]. In the same type of

the reactor, the growth of M-phase VO2 particles was
observed by consuming B-phase and A-phase VO2 particles
due to the same reason [3]. In this research, small VO2 parti-
cles are attached on larger ones. The morphologies are iden-
tical to microwave-synthesized carbon particles explained by
the same Ostwald ripening theory [22]. Nevertheless, due to
the fact that only one set of experiments was reported on
synthesizing VO2 via a continuous-flow process prior to this
research [13], the direct comparison of Ostwald ripening
effect on particle-morphology formation requires more study
and is under further investigation by our group. Instanta-
neous and homogeneous heating alleviates this phenomenon
by providing environment for particles to grow uniformly.
Particles produced by the Collision Cross-Mixer were much
smaller in comparison to those formed using the Center
T-Mixer, as well as a narrower particle size distribution
(Figures 4(b) and 4(c)). For all of the samples, particles pro-
duced using the Collision Cross-Mixer have clear edges in the
SEM images, which contrasts the shapeless, blurry particles
derived from the Center T-Mixer. A lowmonomer formation
rate versus a high nucleus growth rate may explain this phe-
nomenon. A faster precursor decomposition rate is expected
within the Collision Cross-Mixer due to the more efficient
instantaneous mixing of hot water and reactant solution
compared with the Center T-Mixer. This is in agreement
with the fact that particles fabricated under the same reaction
conditions (temperature, pressure, residence time, etc.) with
different mixers have nonidentical morphologies. A Collision
Cross-Mixer can be employed to improve the size, shape, and
surface structure of particles while maintaining the require-
ment of needing pure M-phase VO2 material.

In order to confirm that the as-prepared M-phase VO2
particles have thermochromic effects, DSC analysis is con-
ducted as shown in Figure 5. All the samples display MIT
temperatures between 29°C and 61°C, which are lower than
the reported phase transition temperature of 67-68°C for
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Figure 3: The XRD patterns of samples prepared under differing flow rates. (a) Represents samples from a reaction system equipped with the
Center T-Mixer, and (b) represents samples from a reaction system equipped with the Collision Cross-Mixer.
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bulk VO2 materials. As discussed in the prior research, many
factors could induce a lower MIT temperature, including but
not limited to smaller particle sizes [23–25], particle defects,
doping [14] (impurities), and film thickness [26]. The
reasons are complex, and the transition temperatures of the
VO2 materials differ when applying different synthetic
process techniques [27]. The samples synthesized at low hot
water and reactant solution flow rates of 4mL/min and

2mL/min, respectively, from the Center T-Mixer present
MIT temperatures of 54°C when heating (Tc−heat) and 39°C
upon cooling (Tc−cool). Smaller particle size compared with
bulk VO2 might explain the existence of broaden peaks upon
heating and cooling from both mixers, which is consistent
with the particle size observed from SEM results. However,
a narrower peak presents during the cooling process for
the material synthesized from the Collision Cross-Mixer.
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Figure 4: (a) The SEM images of samples synthesized under differing flow rates from a system that utilized either a Center T-Mixer or a
Collision Cross-Mixer—magnification 7,000. (b) The SEM images of the samples synthesized under differing flow rates from a system that
utilized either a Center T-Mixer or a Collision Cross-Mixer—magnification 27,000. (c) Particle size distribution of samples synthesized
under flow rates of 4mL hot water/min and 2mL reactant solution/min from a system that utilized either a Center T-Mixer or a Collision
Cross-Mixer.

7Journal of Nanomaterials



The asymmetric phase transition of VO2 particles might be
explained by the surface defects, which also contributes to
the overall change of Tc [1]. Compared with 54°C of Tc−heat
from particles produced by using the Center T-Mixer,
Tc−heat of particles produced by using the Collision Cross-
Mixer has reduced to 51°C. In terms of cooling, Tc−cool has
been reduced from 39°C to 34°C by using the Collision
Cross-Mixer instead of the Center T-Mixer. This is in
agreement with one previous report that smaller particles
bring down the Tc−heat temperature [24] but differs from
the other reported phenomena on the formation of a Tc−heat
temperature higher than 68°C by using smaller VO2 particles
[1, 28]. Despite the complexity of the formation mechanism
on an improved Tc−heat and a decreased Tc−cool, decreasing
Tc from bulk material transition temperature of 68°Cwithout
doping is beneficial for VO2 (M) material synthesis process
simplification and process cost reduction for many
applications. Additionally, VO2 particles fabricated by using
the Collision Cross-Mixer are more thermally stable com-
pared with those from the Center T-Mixer. DSC analysis
(Figure 5) demonstrates a slightly larger latent heat area
(Figure 5(d) C3) on particles fabricated from the Collision
Cross-Mixer, in contrast to a smaller latent heat area from

particles fabricated under the same condition but with a
Center T-Mixer (Figure 5(c) T3). This phenomenon is not
significant when dealing with heating curves. Taking into
account the potential desired lower switching temperatures
from 68°C on VO2 (M)/VO2 (R), DSC results indicate the
advantages of producing VO2 particles by HWFSR mounted
with a Collision Cross-Mixer in contrast to that with a Center
T-Mixer. It also showcases the potential to decrease Tc by
tuning the mixer design and by developing new processes,
without introducing extra doping elements. It should be
noticed that for samples synthesized with higher flow
rates, only a fraction of the VO2 particles were contribut-
ing to the latent heat under 100°C, considering the fact
that the MIT of A-phase VO2 is 162°C [4]. Therefore,
samples fabricated with flow rates higher than 4mL/min
and 2mL/min are purely for reference in this study, indi-
cating that thermochromic effects do exist even for sam-
ples with mixed phases.

It is clearly shown that a collision type of the mixing
system is capable of improving the morphologies and phase
transition temperatures of VO2 nanoparticles in compari-
son to the Center T-Mixer, without affecting the phase
purity significantly.
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Figure 5: The DSC results of VO2 samples synthesized under differing flow rates from a system that utilized either a Center T-Mixer or a
Collision Cross-Mixer: (a, b) heating and (c, d) cooling.
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4. Conclusions

Continuous-flow hydrothermal syntheses of VO2 nanoparti-
cles were performed using a hot water fluidized suspension
reaction (HWFSR) system mounted with two differing styles
of mixers: a Center T-Mixer and a Collision Cross-Mixer.
The utilization of a Collision Cross-Mixer resulted in smaller
particles with up to 600nm diameter and a narrower particle
size distribution with a shorter mean residence time of
0.7min when compared to the implementation of a Center
T-Mixer that produced a size distribution ranging from a
few nanometers to around 1 μm. In addition, pure M-phase
particles were obtained from both mixing systems when
increasing the mean residence time to 1.8 minutes. Transi-
tion temperatures of the as-derived VO2 particles are also
decreased by using the Collision Cross-Mixer. The mixer is
cost-effective and convenient for implementation into a
microreactor. The reaction procedure is a one-step rapid
process without the energy consuming annealing step which
is traditionally used to force all A- or B-phase VO2 particles
into pure M-phase material. Furthermore, the safe and fast
HWFSR continuous-flow process equipped with designed
mixers is applicable for other particle fabrication processes
requiring high temperatures and pressures.
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In this report, GdPO4·nH2O and Tb3+-doped GdPO4·nH2O nanorods@silica-NH2 conjugated with IgG antibody were synthesized
by applying hydrothermal, sol-gel, and coprecipitation methods successively. The effects of Tb3+/Gd3+ molar ratios of reactants on
the size, morphology, and luminescence of the synthesized samples were also investigated. For the optimized GdPO4·nH2O : Tb3+

sample, uniform nanorods sizing from 10 to 30 nm in diameter and from 200 to 300 nm in length were obtained with the strongest
luminescence in green color with narrow bands under the UV excitation (325 nm). The results revealed that, after being coated with
silica-NH2 and conjugated with IgG antibody, all luminescence characteristic peaks of GdPO4·nH2O : Tb3+ corresponding to the
process of energy transfer from Gd3+ to Tb3+ and then the emission from 5D4→

7FJ (J = 6,5,4,3) of Tb3+ were still clearly
observed. The initial results of using the optimized Tb3+-doped GdPO4·nH2O nanorods@silica-NH2 conjugated with IgG
antibody for rapid selective detection of Naja atra cobra venom were also reported.

1. Introduction

Rare earth-containing luminescent nanomaterials have
drawn a special interest for telecommunication, imaging,
lightning, fluorescent security labelling, and biomedical
applications due to their attractive physical and optical
properties, biocompatibility, environmentally friendly char-
acteristics, and nontoxicity and especially due to their high
efficiency [1–18]. These materials exhibited outstanding per-
formances such as strong, stable luminescent intensity with a
large Stock shift, narrow peak width, and long luminescent
lifetime [6]. This luminescent lifetime of these materials is
significantly longer, up to milliseconds, in comparison to that
of quantum dots or organic luminescent materials. That

enables to minimize intrinsic luminescent background emit-
ted from biological samples by employing the time-resolved
signal recording process. Many targeted applications such
as fluorescent labelling [19], drug delivery [20], and imaging
for detecting biological species like virus, bacteria, cell, DNA,
RNA molecules, or proteins [15, 18, 19] of new hybrid nano-
phosphors containing rare-earth elements (Eu, Tb, and Er)
with various host materials (GdPO4, Gd2O3, YVO4, and
NaYF4) have been carried out so far [20–25]. For the synthe-
sis of these materials, numerous chemical methods of lumi-
nescent nanomaterials containing rare earth elements have
been used such as coprecipitation [5], sol-gel Pechini [6],
and hydrothermal/solvothermal method [26–29]. Among
these hybrid nanophosphors, Tb3+-doped GdPO4·nH2O
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nanomaterials are found to be one of the most promising
candidates for these abovementioned applications due to
these nanomaterials that exhibit strong luminescent inten-
sity, paramagnetic behavior, no toxicity, and ability to
minimize photobleaching and photochemical decomposi-
tion [22, 23, 30–33]. It was reported in literature that
Tb3+-doped GdPO4·nH2O nanomaterials were usually syn-
thesized by the hydrothermal method and the effects of
the doping concentration on their luminescent properties
were already performed [27, 31–33]. However, it was indi-
cated that, to obtain the highest luminescence intensity of
Tb3+-doped GdPO4·nH2O, the doping Tb3+ concentration
depended strongly on the hydrothermal synthesis parameters
and no optimized procedures was provided. Furthermore,
these materials have not been applied in biomedical applica-
tions to date. In details, the silica coating of Tb3+-doped
GdPO4·nH2O followed by functionalization and conjugation
with antibody have not been investigated.

In this paper, GdPO4·nH2O :Tb3+ nanorods were synthe-
sized by controlling hydrothermal process and the effects of
the Tb3+/Gd3+ molar ratio on the nanorod size, morphology,
and luminescence of the as-prepared products were also
investigated systematically. Moreover, GdPO4·nH2O :Tb3+

nanorods have been covered by silica as a shell, functional-
ized with NH2 and conjugated with a specific antibody
(IgG) to enable to set up a fluorescent immunoassay proce-
dure for rapid detection and microscopic bioimaging Naja
atra cobra venom in vitro.

2. Materials and Methods

All used chemicals were of analytical grade, including
Gd(NO3)3·6H2O (Sigma-Aldrich, 99.9%), Tb(NO3)3·6H2O
(Sigma-Aldrich, 99.9%), NH4H2PO4 (Merck), and NH4OH
28% (Merck). The deionized (DI) water was used through
all the preparation steps of nanomaterials. Naja atra cobra
venom antigen was supplied by the Immunology Depart-
ment of Vietnam Military Medical University.

2.1. Synthesis of GdPO4·nH2O : Tb3+ Materials. For the syn-
thesis of GdPO4·nH2O :Tb3+ nanorods, 20ml of 0.1M
NH4H2PO4 solution was added into a 100ml round-bottom
flask containing 0.05M Gd(NO3)3 and 0.05M Tb(NO3)3
with molar ratios of Tb+3/Gd3+ are 1%, 3%, 5%, 7%, and
9% during stirring. The pH value of the obtained solution
was adjusted to 2 by using 1M NH4OH solution. After being
stirred for 1 h, the mixture was transferred into a 100ml
teflon-lined stainless-steel autoclave. The autoclave was
sealed and heated at 200°C for 24 hours. The white precipi-
tate was centrifuged, washed with DI water and ethanol,
and dried at 70°C for 24 hours.

2.2. GdPO4·nH2O :Tb3+ Materials Coated with Silica Layer
via the Sol-Gel Process. Briefly, 0.1 g GdPO4·nH2O :Tb3+

nanorods were dispersed in 20ml of ethanol (EtOH) by using
a Vortex mixing equipment to obtain mixture A. Subse-
quently, 60 μl of deionized water and 60μl of CH3COOH
were added into a 250ml round-bottom flask containing
50ml of EtOH and 30μl TEOS during stirring for 15 minutes

to receive mixture B. Mixture A was then dropped into mix-
ture B, and the final mixture was stirred for 24 hours. Finally,
the resulting precipitate was centrifuged and washed with
distilled water and ethanol several times. The white precipi-
tate was dispersed in 30ml EtOH solution for the next func-
tionalization process.

2.3. The Surface Functionalization with –NH2
(GdPO4·nH2O :Tb3+@Silica-NH2). For the surface functiona-
lization of GdPO4·nH2O :Tb3+ by the NH2 group, 20 μl
APTES (3-aminopropyltriethoxysilane) and40μlCH3COOH
was added into a 250ml round-bottom flask containing
50ml of EtOH. The solution was stirred by magnetic stir-
ring at room temperature for 2 hours. The mixture of 0.3 g
GdPO4·nH2O :Tb3+ and 30ml EtOH was then dropped
into the above solution, and the stirring was remained
for 2 hours. The resulting products were collected, centri-
fuged, and washed with ethanol and distilled water several
times. The white precipitate was kept in 30ml deionized
water for the binding process with biological elements.

2.4. Conjugation between GdPO4·nH2O :Tb3+@Silica-NH2
with Specific IgG Antibody to Detect Naja Atra Cobra
Venom. Glutaraldehyde (GDA) was used to form a com-
plex between GdPO4·nH2O :Tb3+@silica-NH2 with IgG
antibody due to the fact that it is a homobifunctional cross-
linker to bridge both homogenous aldehyde groups, resulting
in conjugation.

The specific IgG antibody conjugation process is as fol-
lows: The GdPO4·nH2O :Tb3+@silica-NH2 solution obtained
above (in 2.3.) was centrifuged and cleaned three times with
25mM sodium phosphate (pH7.0). The resulting products
were dissolved in 5ml of sodium phosphate solution. Then,
10ml of glutaraldehyde 0.5% was added and mixed by a vor-
tex mixer for 1 hour at room temperature to form an uni-
form suspension. 10 μl of anti-venom rabbit antibody was
mixed with 100μl of the solution obtained above in a ratio
of 1 : 10 then mixed well and kept at room temperature for
2 to 4 hours.

Excess glutaraldehyde linkers were blocked by adding
1.5M ethanolamine in phosphate-buffered saline (PBS)
reacting with 10% volume of GdPO4·nH2O :Tb3+@silica-
NH2-IgG solution for 2 hours at room temperature. The
residual ethanolamine was then removed by washing and
centrifugation three times with 0.1mM PBS solution. The
resulting products were dissolved in 5ml of 25mM sodium
phosphate (pH7.0) and stored at 4°C for the next steps.
The final obtained product was GdPO4·nH2O :Tb3+@silica-
NH2-IgG solution.

2.5. Detection of Cobra Venom by the Nanorods-Antibodies
(GdPO4·nH2O :Tb3+@Silica-NH2-IgG). Cobra venom for
detection was conducted as follows: six-well plates (polysty-
rene plate) were coated with 50 μl/well of Naja atra venom
(20μg/ml) then diluted in 0.05M carbonate buffer at pH =
9 6. After incubation at 4°C for 12h, the plates were washed
three times with 0.15M PBS–0.05% Tween-20 (PT) and
blocked with 50 μl/well PBS, 1% BSA, 0.05% Tween-20,
and 0.02% sodium azide (PBTN) for 1 hour at room
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temperature. After three times of washing cycle in PT, 50μl
antibody nanorods diluted in PBTN were added into each
well and incubated at room temperature for 2 hours. Specific
antibody-bound GdPO4·nH2O : Tb3+@silica-NH2 nanorods
were used to bind cobra venom antigens. After the plates
were washed four times with PT to remove the nonsticking
components, the emission color of the nanorods was used
to detect the presence of specific expressed venom found
under excitation UV light.

2.6. Measurements. The morphology of these nanomaterials
was observed by field emission scanning electron microscopy
(FESEM, Hitachi S4800). The structure of the materials was
determined with the X-ray diffraction system (Siemens
D5000). The fluorescence emission and excitation spectra
of the materials were measured with a high-resolution micro-
scope (FL 3-22 HORIBA). The ability to detect venom of the
nanoparticles is indicated by emitting a green color under a
fluorescence microscope (ZEISS Primo Star iLED).

3. Results and Discussion

3.1. The Morphology of Synthesized Samples. The FESEM
images of GdPO4·nH2O :Tb3+ with different molar ratios
of Tb3+/Gd3+ from 1 to 9mol % are given in Figure 1.
FESEM images of GdPO4·nH2O :Tb3+ show no significant
change in the shape and size of the nanorods with different
molar ratios.

It can be seen that GdPO4·nH2O :Tb3+ nanorods with the
molar ratio of 7% are the most uniform rods (average length
of 300–500nm and width of 10-30 nm).

3.2. X-Ray Diffraction Investigation of GdPO4·nH2O : Tb3+.
Figure 2 shows that the all diffraction peaks of GdPO4·nH2O
and GdPO4·nH2O :Tb3+ have high intensity, narrow width at
2θ angles of 15.24, 20.61, 25.81, 30.00, 32.19, 38.71, 43.09,
48.1, 49.86, and 53.15 and can be distinctly indexed to a stan-
dard pattern coded 98-004-3396 of gadolinium orthophos-
phate hydrate.

(a) GdPO4 (b) GdTb1%

(c) GdTb3% (d) GdTb5%

(e) GdTb7% (f) GdTb9%

Figure 1: FESEM images of GdPO4·nH2O : Tb3+ with molar ratios of Tb3+/Gd3+ are 0, 1, 3, 5, 7, and 9%.
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3.3. Photoluminescence Properties. In order to investigate
the luminescence intensity and determine the radiative
transfer between the energy levels of the electrons in these
materials, the excitation and fluorescence spectra of these
samples were measured under 543 nm and 272nm excita-
tions, respectively (Figure 3).

In the excitation spectra of GdPO4·nH2O :Tb3+

(Figure 3(a)), the characteristic transition peaks exist around
310nm and 272nm which belong to 6PJ→

8S7/2 and
8S7/2→

6IJ of Gd3+, respectively [34]. The energy level
between 6PJ and

8S7/2 of Gd3+ is similar to Tb3+, so that
the excitation energy of Gd3+ can be transferred to Tb3+.
Under the 272nm excitation, the photoluminescence spec-
tra of the GdPO4·nH2O : Tb3+ (1-9%) samples emitted in
the green light region with the characteristic transitions
of Tb3+ : 5D4→

7Fn (n = 6, 5, 4, 3) (shown in
Figure 3(b)). The transition of 5D4→

7F6,
5D4→

7F5,
5D4→

7F4, and 5D4→
7F3 of Tb3+ can be observed at

488, 543, 586, and 620nm, respectively, and the strongest
emission peak was found at 543nm. The results showed
that GdPO4·nH2O :Tb3+ nanorods with 7% exhibit the stron-
gest green luminescence. It can be seen that the fluorescence
of GdPO4·nH2O doped with Tb3+ was greatly enhanced due
to the energy transfer process from Gd3+ to Tb3+ [34, 35].
The uniform nanorods were obtained by changing the ratios
of Gd3+ and Tb3+ which were functionalized and dispersed in
the water and ready for biological applications.

Figure 4 presents the photoluminescence spectra of
nanorod solutions: GdPO4·nH2O :Tb3+ (1);
GdPO4·nH2O :Tb3+@silica (2), GdPO4·nH2O :Tb3+@silica-
NH2 (3), and GdPO4·nH2O : Tb3+@silica-NH2-IgG (4) under
355nm excitation. The green emission at 491, 544, 588, and
620nm corresponding to 5D4→

7F6,
5D4→

7F5,
5D4→

7F4,
and 5D4→

7F3 of Tb
3+ transitions of Tb3+ ions, respectively.

The emission intensity of these samples decreases with the

functional steps of GdPO4·nH2O :Tb3+ nanorods. However,
luminescent intensity is not much changed after conjugating
with IgG and the maximum emission peak is found at
543 nm. This is the good condition for labelling the cobra
venom antigen identification in the next steps.

3.4. IR Properties. The functionalized nanorods were ana-
lyzed by IR spectra using the Nexus 670 infrared spectrome-
ter (Nicolet).

The infrared spectra of GdPO4·nH2O :Tb3+ (a),
GdPO4·nH2O :Tb3+@silica (b), GdPO4·nH2O :Tb3+@silica-
NH2 (c), and GdPO4·nH2O :Tb3+@silica-NH2-IgG (d)
samples are presented in Figure 5. It can be observed that
oscillations of the O-H bond were found at around
1600 cm-1 and near 3500 cm-1 in lines (a) and (b). Oscilla-
tions at 545 and 622 cm-1 are assigned to the stretching vibra-
tions of (PO4)

3– [36]. The stretching vibrations of the C-H
bond were observed at 2898 cm-1, 2976 cm-1 and 2884 cm-1,
2941 cm-1 corresponding to GdPO4·nH2O :Tb3+@silica-
NH2 (c) and GdPO4·nH2O :Tb3+@silica-NH2-IgG (d)
samples. In these samples, the stretching vibrations of
(PO4)

3– are still observed at 622 and 880 cm-1. The peaks in
the range of 3300-3500 cm-1 and 1590-1620 cm-1 appear
as stretching and bending vibrations of the N-H bond.
These results show that the fabricated samples were suc-
cessfully surface-functionalized with the NH2 groups as a
binding agent.

3.5. Application of Nanorods Conjugated with Rabbit
Antibody to Detect Naja Atra Cobra Venom Antigen

3.5.1. Evaluating the Results of Binding Nanorods with Rabbit
Antibody by Infrared Spectra. The infrared spectra of the syn-
thesized samples were used to elucidate the difference
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GdPO4

GdPO4:Tb3+

GdTbPO4 : 98-003-0645

GdPO4 : 98-004-3396 

Figure 2: X-ray diffraction patterns of GdPO4·nH2O and GdPO4·nH2O : Tb3+.
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between anti-venom antibody before and after conjugating
with luminescence nanorods.

In Figure 6(a), the strong and wide peak at 3460 cm-1 cor-
responds to the O-H bond. The peak at 2079 cm-1 belongs to
the N-H bond. The wavelengths from 1640 cm-1 to 1443 cm-1

are the oscillating peaks of the C=O and N-H bonds in the
first amine group, respectively.

Figure 6(b) shows that the peak at 1389 cm-1 indicates
the forming the C-N bond through reaction of the aldehyde

group (O=C-H) of the GDA linker with NH2 of IgG.
Thus, it can be suggested that the conjugation (linkage)
between luminescence nanorods with anti-venom antibodies
was formed.

3.5.2. Evaluation the Ability of the GdPO4·nH2O :Tb3+@Silica-
NH2-IgG (Nanorods-Antibodies) to Detect the Naja Atra
Cobra Venom. As the experimental steps described above
(in Section 2.5), in order to evaluate the ability of
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Figure 3: Excitation (a) and photoluminescence spectra (b) of the GdPO4·nH2O : Tb3+ samples with molar ratios of Tb3+/Gd3+ are 0, 1, 3, 5, 7,
and 9%.
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Figure 4: Photoluminescence spectra of GdPO4·nH2O : Tb3+ with molar ratios of Tb3+/Gd3+ 7% conjugated with IgG.
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detection of Naja atra cobra venom of nanorods, two
kinds of well groups were organized. The wells coated with
Naja atra cobra venom antigens were incubated with
nanorods (1) and nanorods-antibodies (2). The image of
Naja atra cobra venom antigens after coating on the plate
under visible light of a 40x microscope is illustrated in
Figure 7(a) while Figures 7(b) and 7(c) present the images
of Naja atra cobra venom antigens conjugated with
nanorods-antibodies observed without and with UV light of
40x fluorescence microscope, respectively.

The results showed that the wells incubated with
nanorods-antibodies provided a green image and nanoparti-
cles distributed uniformly throughout the field green light
under a 40x fluorescence microscope (Figure 7(c)). This
result shows that these wells have a specific association
between the nanorods-antibodies and the Naja atra cobra
antigen so that when it was washed, it does not wash away.
Meanwhile, other emissions were not green due to the
absence of a combination of antibody-coated nanoparticles
and Naja atra cobra venom antigens so they were washed
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away during washing. Based on these results, it could be
concluded that this Naja atra venom detection procedure
can shorten the time needed for early diagnosis and
improve the efficacy of treatment and thus could facilitate
early treatment of snake bite and save lives. Thus, with
respect to other green-emitting luminescent materials like
Yb,Er-codoped NaYF4 or TbPO4·H2O-based nanomaterials
[19, 20], our synthesized immunoglobulin G-conjugated
GdPO4·nH2O :Tb3+ nanorods are compatible for detection
of antigen-antibody reaction.

4. Conclusions

GdPO4·nH2O and GdPO4·nH2O :Tb3+ nanorods with a
tetragonal phase were synthesized by the hydrothermal
method. Optical properties of nanorod materials were opti-
mized by varying the concentration ratio of Tb3+/Gd3+. At
7mol % of Tb3+, the nanorods exhibited the strongest lumi-
nescence because of the energy transfer from gadolinium to
terbium. The most uniform nanorods have dimensions of
300-500 nm in length and 10-30 nm in width. The surface
functionalization of luminescent nanorods conjugated with
rabbit IgG antibodies can be used for early and rapid detect-
ing Naja atra cobra venom antigen.
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A series of Co-doped Zn1-xCoxMn2O nanocrystals with a spinel structure were successfully prepared by hydrothermal method, and
the influence of Co doping concentration on the microstructure, morphology, elemental composition, and optical and
photocatalytic properties of the samples was characterized. The experimental results show that all samples exhibit a tetragonal
structure, Co2+ ions are successfully substituted for the lattice site of Zn2+ to generate ZnMn2O4 nanocrystals, and the crystalline
size decreases as Co-doped concentration increase. The morphologies are loose hollow microsphere structures. The band gap
of Zn1−xCoxMn2O samples is smaller than that of pure ZnMn2O4 and has been red shifted. The photocatalytic activity of
doped Zn1−xCoxMn2O4 samples is obviously higher than that of pure ZnMn2O4 samples for the photodegradation of MO
under visible light irradiation. All these results demonstrate that Co-doped spinel ZnMn2O4 nanocrystals are a meaningful
choice for photocatalytic degradation of the pollutants.

1. Introduction

In recent decades, with the development of modern industry,
the growth of population, and the acceleration of urbaniza-
tion, the increased pollution of natural water and air has
become one of the major challenges that the modern human
society and the ecological system are is facing and the main
pollution sources are nondegradable and toxic artificial dyes
[1–4]. The toxic compounds in water media cause serious
harm to human health. Nanoscale semiconductor photocata-
lysts have attracted extensive research interest in the field of
environmental restoration owing to their potential value,
such as nontoxic, inexpensive, strong oxidizing activity, and
chemical stability [5–8].

Spinel structure ZnMn2O4 belongs to I41/amd space
group, and with a narrow band gap of 1.86 eV [9, 10].
ZnMn2O4 nanocrystals possess unique properties that are
quite different from those of the bulk solid state due to their
surface effect, quantum size effect, small size effect, and quan-
tum tunnelling effect [11, 12]. Spinel structure ZnMn2O4

nanocrystals have attracted considerable attention due to
their novel properties and broad application prospect in the
gas sensor [13], photocatalyst [14], supercapacitor electrode
[15, 16], lithium ion battery anode [17], energy storage
[18], nonvolatile memory [19], etc. In recent years, some
researchers have studied transition metal ion-doped
ZnMn2O4 nanocrystals to obtain the desired crystal structure
and energy band structure by providing extra positive car-
riers in the host material [20]. The crystal structure and
energy band structure of semiconductor materials can be
modified to improve their physical properties by controlling
the preparation process, changing the type and amount of
doped elements [21, 22]. In addition, transition metal ion
configuration doping can significantly improve the separa-
tion rate of photoinduced carriers in semiconductor
photocatalysts, inhibit the recombination of photoinduced
electron hole pairs, and greatly improve photocatalytic
activity [23]. Unfortunately, as far as we know, there are
few reports about the influence of doping concentration
on the photocatalytic performance of the transition
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metal-ion doped ZnMn2O4 nanostructure. Therefore, the
main purpose of this study is to study the effect of doping
concentration on the microstructure and photocatalytic
activity.

In this work, Co-doped Zn1−xCoxMn2O nanocrystals
with different ratios (x = 0, 0.1, 0.3, and 0.5) were successfully
synthesized by hydrothermal method. The influence of Co
doping concentration on the microstructure, morphology,
elemental composition, and optical properties of the samples
was investigated by X-ray diffraction (XRD), field emission
scanning electron microscopy (FESEM), X-ray energy
dispersive spectrometry (XEDS), ultraviolet-visible spectros-
copy (UV-Vis), and Fourier transform infrared spectroscopy
(FT-IR), and the photocatalytic activity of Zn1−xCoxMn2O
nanocrystals was evaluated by the photodegradation of MO
dye in aqueous solution under UV light irradiation.

2. Material and Methods

2.1. Synthesis.A facile hydrothermal method was used to syn-
thesize Zn1−xCoxMn2O4 (x = 0, 0.1, 0.3, and 0.5) nanocrys-
tals. In a typical experiment, zinc nitrate (Zn(NO3)2·6H2O,
AR, Tianjin Kaixin Chemical Industry Co. Ltd.), manganese
nitrate (Mn(NO3)2·6H2O, AR, Tianjin Kemeiou Reagent
Co. Ltd.), cobalt nitrate (Co(NO3)2·6H2O, AR, Shanghai
Zhongqin Reagent Co. Ltd.), polyethylene glycol-400
(PEG-400, AR, Shandong West Asia Chemical Reagent
Co. Ltd.), absolute ethyl alcohol (AR, China Pharmaceutical
Group Reagent Co. Ltd), and citric acid (AR, Tianjin
Kemeiou Reagent Co. Ltd.) were used in this study without
any further purification. According to the chemical formula
of Zn1-xCoxMn2O4 (x = 0, 0.1, 0.3, and 0.5) and the molar
ratio of metal cations, the stoichiometric quantities of zinc
nitrate, cobalt nitrate, and manganese nitrate as precursors
were weighed. Zn(NO3)2, Mn(NO3)2, and Co(NO3)2 were
mixed in distilled water and magnetically stirred at room
temperature for 30min. Meanwhile, appropriate amounts
of citric acid and PEG-400 were dripped into the above-
mixed solution under magnetic stirring for 3 hours. Subse-
quently, the resulting solution was transferred to a 100mL
Teflon-lined stainless steel autoclave. The hydrothermal
reaction process was conducted at 180°C for 24 h in an oven
and then cooled to room temperature naturally. Finally, the
resultant precipitate was separated centrifugally, washed
several times with distilled water and absolute alcohol, respec-
tively, and then dried at 60°C in a vacuum oven for 10 h. Thus,
Zn1−xCoxMn2O4 nanocrystals were collected and used for
further study. By comparison,Zn1−xCoxMn2O4 nanoparticles
with different ratios (x = 0, 0.1, 0.3, and 0.5) were also pre-
pared using the abovementioned procedure.

2.2. Characterization. The crystal structure of the as-obtained
samples was examined by X-ray diffractometer (XRD) using
the CuKα source (λ = 1 54056 Å), the scanning rate 0.005°/s,
and step size 0.02°. The morphology of the samples was
investigated using a field emission scanning electron micro-
scope (SEM) (JEOL JSM-6701F) equipped with an X-ray
energy dispersive spectroscopy (XEDS). The ultraviolet-
visible (UV-Vis) diffuse reflectance spectra (DRS) of the

products were recorded on a UV-Vis spectrophotometer
(PERSEE TU-1901) using BaSO4 as reference. Fourier
transform infrared spectroscopy (FT-IR) studies were mea-
sured by a Nexus 670 FT-IR spectrometer in the range of
4000–400 cm-1.

2.3. Photocatalytic Activity Test. The photocatalytic property
of the samples was evaluated by measuring the degradation
of methyl orange (MO) aqueous solution in a cylindrical
glass vessel under simulated sunlight, and the reaction vessel
was kept at a constant temperature using a circulating cool-
ing system. The reaction solution was irradiated with the
light source of a 300W xenon lamp, and the distance between
the solution surface and the light source was kept at 30 cm to
avoid thermal effect. In this work, 20mg of the as-synthesized
samples was dispersed into a 100mL MO aqueous solution
(the initial MO aqueous solution concentration was
10mg/L). The mixed suspensions were magnetically stirred
for 30min in the dark to reach the adsorption-desorption
equilibrium between the photocatalyst and organic dye
MO. During the photocatalytic process, about 2.5mL of the
reaction solution was collected from the container at prede-
termined intervals (30, 60, 90, 120, and 150min) and the
solid catalyst powder was separated and recovered by exter-
nal magnetism field method. Then, the concentration of
residual MO in the solution was determined by detecting
the adsorption and degradation performance using an
UV-visible spectrophotometer.

3. Results and Discussion

3.1. Structural Characterization. Figure 1 depicts the XRD
patterns of pure ZnMn2O4 and Co-doped Zn1-xCoxMn2O4
samples. The diffraction peaks of all samples can
be well indexed to single-phase ZnMn2O4 tetragonal
structures (space group: I41/amd, a = b = 0 5722 nm, and
c = 0 9326 nm), which are in agreement with the reported
values of JCPDS card no. 71-2499 [24]. No extra diffrac-
tion peaks of other impurity phases such as metal oxides
or metal clusters are detected when the doping atomic
percentage ranges from 10% to 50% from the XRD patterns,
indicating that all Co ions are assumed to be successfully
incorporated into Zn2+ ion sites without changing the parent
ZnMn2O4 structure. The crystallite size of the samples is cal-
culated from the full width at half maximum (FWHM) and
the peak position using the most intense diffraction peak
(211) by the following Scherrer formula: D = Kλ/B cos θ,
where D represents the crystallite size, K = 0 9 is the Scherrer
constant, λ is the wavelength of X-ray (CuKα, 1.54056Å), θ is
the Bragg diffraction angle, and B is FWHM in radians of the
(211) plane. The crystallite sizes for Zn1−xCoxMn2O4 (x = 0,
0.1, 0.3, and 0.5) are 36, 33, 31, and 29nm; it is clear that
the crystallite size gradually decreases with the increase of
the Co doping amount.

3.2. Morphological Studies. The SEM image of the pure
ZnMn2O4 sample is showed in Figure 2(a). It is clearly visible
that the morphology of pure ZnMn2O4 is a regular porous
microsphere architecture mainly composed of many
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nanoparticles, with the diameter of the rough and porous
microspheres ranging from 300 to 500nm, with the average
diameter of about 400nm. Figure 2(b) presents the SEM
image of the Zn0.7Co0.3Mn2O4 sample, showing a loose and
irregular microsphere morphology composed of massive
nanoparticles. With the increase of the Co doping content,
the edges of the microsphere become looser and hollower
and some stacked microspheres appear in breakage and
exhibit hollow microspheres. The hollow microspheres grow
bigger in size and rougher and irregular in morphology. This
loose hollow microsphere structure contributes to improving
the electrochemical performance.

Figure 3(a) shows the XEDS patterns of the pure
ZnMn2O4 sample to further clarify the chemical components
of the as-prepared samples. It is easily found that pure
ZnMn2O4 mainly exhibits the peak characteristic of Zn,
Mn, and O elements. Figure 3(b) obviously confirms the
presence of Co elements besides Zn, Mn, and O elements
for the Zn0.7Co0.3Mn2O4 sample, whereas the spectrum of
pure ZnMn2O4 does not find the presence of Co elements.
The XEDS results further verify XRD , which indicates that
Co-doped ZnMn2O4 nanocrystals were successful synthe-
sized by hydrothermal method and Co2+ is successfully
substituted as dopant in the ZnMn2O4 matrix. It is evident
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that the synthesize condition helps to further study the
influence of Co doping concentration on the properties
of Zn1−xCoxMn2O4 nanocrystals.

3.3. UV-Vis DRS Results. The optical properties of the
samples are investigated by UV-Vis DRS. Figure 4(a) shows
the absorption spectra of Zn1−xCoxMn2O4 samples. From
Figure 4(a), Co-doped Zn1−xCoxMn2O4 samples show the
similar absorption property as that of the pure ZnMn2O4
except that the absorption edge slightly shifts to a short

wavelength with increasing Co content. The drift of the
absorption edge revealed the interaction between Co ions
and ZnMn2O4. For Zn1−xCoxMn2O4 nanocrystals with a
direct band structure, according to the Tauc rule [25]:
αhν 2 = A hν – Eg , the optical band gap Eg is evaluated
from the linear intercept of the ahv 2 versus hv plots as dis-
played in Figure 4(b). Consequently, the band gaps for Z
n1−xCoxMn2O4 (x = 0, 0.1, 0.3, and 0.5) are calculated to be
2.21, 2.07, 2.02, and 1.98 eV, respectively. Furthermore, the
band gap of the Co-doped ZnMn2O4 samples smaller than
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that of pure ZnMn2O4 and the band gap energy gradually
decrease with the increase of Co concentration. This is man-
ifested by the presence of a redshift in the band gap energy
for Co-doped Zn1−xCoxMn2O4 nanocrystals.

3.4. FT-IR Spectra. The chemical structure of Zn1−xCoxMn2
O4 samples was investigated using FT-IR, and the results
were shown in Figure 5, wherein all of the samples exhibit
very similar FT-IR absorption bands. A broad absorption
band at 3410 cm-1 in the spectrum of Zn1−xCoxMn2O4 nano-
crystals corresponds to O-H stretching vibrations of

chemically bonded hydroxyl groups. The peak that appeared
at 2923 cm-1 attributed to the vibrational absorption peaks
corresponding to the C-H bonds [26], and the peak at
1542 cm-1 was caused by the C=O stretching vibrations of
the remaining carbonyl groups in the compound [27]; the
band at 1367 cm-1 can be assigned to the organic compounds
of PEG-400 or alcohol induced in the process of preparation
and test, and the presence of the peak at 1084 cm-1 is owing to
C–O stretching vibrations [26]. It is noteworthy that two dis-
tinct peaks that appear at 505 and 622 cm-1 are dependent on
the formation of metal–oxygen bonds of tetrahedral and
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octahedral sites, i.e., Zn–O andMn–Obonds[28]; thesebands
confirm the formation of spinel compounds for Zn1−xCoxM
n2O4 nanocrystals. The corresponding peak position of the
Fourier infrared spectrum of the sample did not change with
the increase of theCodoping concentration,which is also con-
sistent with the XRD data, indicating that Co2+ was success-
fully doped into the ZnMn2O4 lattice.

3.5. Photocatalytic Performance. In order to study the influ-
ence of Co doping concentration on the degradation effi-
ciency, MO dye was selected as target pollutant for
evaluating the photocatalytic activity of Zn1−xCoxMn2O4
nanocrystals. Figure 6(a) depicts the MO degradation of
Zn1−xCoxMn2O4 samples with different doping ratios ver-
sus time (t) under simulated sunlight irradiation. Blank
experiment was performed without any catalyst, it was
found that there was no obvious self-degradation in the
MO dye aqueous solution under visible light irradiation
for 180 min, the blank experiment suggested that MO
has good stability without catalyst, and the spontaneous pho-
tolysis can be negligible under visible light illumination. It is
worth noting that the concentration of the MO dye slightly
decreased when the reaction mixture is stirred for 30min
without light illumination, because Zn1−xCoxMn2O4 nano-
crystals possess a larger specific surface area and can adsorb
the MO dye well. The degradation rate of pure ZnMn2O4 is
about 57% after xenon lamp irradiation for 150mins, while
the photocatalytic activity of Zn1−xCoxMn2O4 samples is
obviously higher than that of pure ZnMn2O4 samples,
and the decolorization rates are 69%, 75%, and 82%. It
is obvious that the photocatalytic performance increases
with the increase of Co doping amount and Co2+ ions
replaced the lattice site of Zn2+ to generate single-phase
ZnMn2O4 nanocrystal results in the effective separation
of photoinduced electron-hole pairs to improve the photo-
catalytic activity.

To better compare the photocatalytic efficiency for
Zn1−xCoxMn2O4 nanocrystals of MO decolorization, the
kinetic study was performed using a first-order kinetic
equation: ln Ct/C0 = k, where k represents reaction rate
constant (h−1), t is the irradiation time, and Ct and C0
denote the initial concentration and the reaction concen-
tration, respectively, of MO after light irradiation. The
first-order kinetics of Zn1−xCoxMn2O4 nanocrystals for pho-
tocatalytic decolorization of MO as shown in Figure 6(b) and
the k values for Zn1−xCoxMn2O4 (x = 0 1, 0.3, and 0.5) are
0.470, 0.545, and 0.658 h-1, respectively; these values demon-
strate that doped Zn1−xCoxMn2O4 nanocrystals have a
higher efficiency than that of pure samples (k = 0 336 h-1).
The improvement of photocatalytic efficiency is mainly due
to the fact that Co-doped Zn1−xCoxMn2O4 nanocrystals pos-
sess smaller particle size and larger specific surface area and
Co2+ can adjust the crystal structure and energy band struc-
ture, which accelerate the migration of the photogenerated
electron-hole pairs toward its surface and prevent the
electron-hole pairs from recombination.

The stability and reusability for the Zn0.5Co0.5Mn2O4
sample were evaluated by cyclic experiments of photo-
catalytic degradation of MO under the same conditions.
As shown in Figure 7, the degradation efficiency of the
Zn0.5Co0.5Mn2O4 sample exhibits a minor decrease from
82% to 79.5% after five consecutive cycles of photocat-
alytic experiments and the repetition rate is still main-
tained at 80%. The little decreases may relate to the
particle aggregation of the sample after a long time reaction.
Hence, Zn1−xCoxMn2O4 nanocrystals possess excellent
photocatalytic active and good stability; these results dem-
onstrate that Co-doped ZnMn2O4 nanocrystals possess
good application prospects in photocatalytic degradation
of pollutants.

Under simulated sunlight irradiation, the electrons (e−)
in the valence band (VB) of ZnMn2O4 can be excited to its
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Figure 5: FT-IR spectra of Zn1−xCoxMn2O4 samples.
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conduction band (CB), while the holes (h+) is generated in
VB of ZnMn2O4. Zn1−xCoxMn2O4 nanocrystals can effec-
tively promote the generation of photoinduced electron-
hole pairs owing to the reduction of average grain size
and the band gap for Co-doped Zn1−xCoxMn2O4 nano-
crystals. The electrons at VB are excited to transition to
CB, thus forming a hole in VB and generated an
electron-hole pair (equation (1)). Electrons react with dis-
solved oxygen in the solution to form superoxide radicals

(•O2-). At the same time, photoinduced holes react with
water to generate •OH, H+ (equation (2)). Meanwhile,
H+ further reacts with oxygen to form H2O2 (equation (3)).
Obviously, hydrogen peroxide reacts with O2

- to produce
•OH, OH-, and O2 (equation (4)). As strong oxidants, •OH
reacts strongly with organic pollutants and promote the
decomposition of organic pollutants. Finally, •OH and O2

-

oxidize MO to CO2, H2O, and other small molecule com-
pounds (equation (5)) [3].
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Under simulated sunlight irradiation, the photocata-
lytic decolorization reaction of the photoinduced electron-
hole transport for Zn1−xCoxMn2O4 nanocrystals is as
follows [29]:

Zn1−xCoxMn2O4 + hv⟶ Zn1−xCoxMn2O4 e−

+ Zn1−xCoxMn2O4 h+ ,
1

Zn1−xCoxMn2O4 h+ + H2O⟶ Zn1−xCoxMn2O4

+ •OH +H+,

Zn1−xCoxMn2O4 e− + O2 ⟶ Zn1−xCoxMn2O4 + •O2
−,

2
O2 + H+ ⟶H2O2, 3

H2O2 + •O2
− ⟶ •OH +OH− + O2, 4

•OH, •O2
− + organicmolecules⟶H2O + CO2

+ mineral acids
5

4. Conclusion

(1) Co-doped Zn1−xCoxMn2O4 nanocrystals with differ-
ent ratios (x = 0, 0.1, 0.3, and 0.5) were successfully
synthesized via a facile hydrothermal method. All
samples exhibit single-phase spinel tetragonal with
good crystallization. Co2+ ions are successfully
substituted for the lattice site of Zn2+ to generate
single-phase ZnMn2O4 nanocrystals

(2) The morphologies of all the samples are loose hollow
microsphere structures. The crystalline size decreases
as Co-doped concentration increase. The energy
band gap of Co-doped Zn1−xCoxMn2O4 nanocrystal-
line is smaller than that of pure ZnMn2O4 has been
red shifted

(3) The photocatalytic activity of doped Zn1−xCoxMn2
O4 samples is obviously higher than that of pure
ZnMn2O4 samples for the photodegradation of MO
under visible light irradiation. Co-doped ZnMn2O4
nanocrystals can act as a potential photocatalyst for
photocatalytic degradation of the pollutants
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The preparation of high-purity brookite TiO2 with a unique morphology is rare and difficult. Herein, high-purity brookite TiO2
hollow spheres were hydrothermally synthesized by employing titanium sulfate as the titanium source and chloroacetic acid and
sodium hydroxide as the pH regulator. The structure, morphology, and optical properties were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron
spectroscopy (XPS), and UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS). The results showed that the as-prepared
brookite TiO2 exhibited a hollow-sphere morphology with a size of about 1.0 micrometer and showed a direct band gap of
3.13 eV. Additionally, thermal analysis in combination with infrared spectroscopy showed that the as-prepared brookite TiO2
was surface capped by water and organic molecules. Finally, the photocatalytic and photoluminescent properties of brookite
TiO2 were studied.

1. Introduction

The control of TiO2 polymorphs and morphology has
attracted enormous interest due to its fascinating structure
and shape-dependent physicochemical properties [1–3]. As
a popular photocatalyst, TiO2 contains three common poly-
morphs: anatase, rutile, and brookite [4, 5]. All three poly-
morphs are constructed by the different connections of the
distorted TiO6 octahedra. Among these polymorphs, the
preparation and properties of both anatase and rutile are
intensively studied [6, 7]. Alternatively, the report on TiO2
in the brookite form is rare for a lack of understanding of
its properties and synthetic approach [8]. In this regard, Lin
et al. report the first breakthrough in the synthesis of a brook-
ite TiO2 nanosheet with an excellent photocatalytic perfor-
mance through a spatial charge transfer control with
specific crystal surface exposure [9]. Since then, a growing
number of methods are emerging to explore the unique
morphology-dependent property of brookite TiO2. For

example, Choi and Yong report the facile hydrothermal
preparation of brookite nanoarrays using an environmentally
benign one-step reaction [10]. Just like nitrogen-doped ana-
tase or rutile, nitrogen-doped brookite TiO2 with enhanced
visible-light photoactivity is also reported by Pan and Jiang
[11]. Although numerous synthetic strategies have been
developed for the fabrication of the brookite phase, the
phase-formation mechanism of a brookite polymorph is still
under controversy, and it still remains the least studied TiO2
photocatalyst due to the difficulties usually encountered in
obtaining it as a pure phase [12]. Although it is exceedingly
difficult to explore a novel approach, it is still of great interest
to synthesize pure brookite with a unique morphology for its
great potential in applications ranging from solar cells and
sensors to photocatalysis [13–15]. Herein, we report the first
fabrication of pure brookite hollow spheres through the self-
assembly of nanoblocks under a facile hydrothermal condi-
tion, and we report brookite’s structure, surface, and photo-
catalytic properties as well.
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2. Experimental

2.1. Materials. All reagents were purchased from Sinopharm
ChemicalReagentCo.Ltd., Shanghai,China.All reagentswere
of analytical purity and used without further purification.

2.2. Sample Preparation. The brookite TiO2 sample was pre-
pared under a typical hydrothermal condition as follows:
2.6301 g titanium sulfate was dissolved in 30mL distilled

water under constant stirring; then, 5.0 g chloroacetic acid,
2.125 g NaOH, and 15.012 g carbamide were added into the
above solution and stirred for 2 h until the solution became
a translucent yellow; then, the solution was transferred to a
100mL Teflon-lined stainless steel autoclave that was
allowed to react at 200°C for 9 h. The product was centrifuged
and washed with deionized water for three times and then
dried at 80°C for 12h.
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Figure 1: (a) XRD pattern, (b) EDS spectrum, and (c, d) SEM and (e, f) TEM images of the sample.
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2.3. Sample Characterization. XRD analysis was performed
on a Bruker D8 ADVANCE X-ray powder diffractometer
equipped with Cu Kα radiation. The morphology of the sam-
ple was observed by FE-SEM (JEOL JSM-6700) and TEM
(JEM-2010). The infrared spectrum of the sample was mea-
sured on a PerkinElmer IR spectrophotometer using a KBr
pellet technique. TG-DTA was measured on a NETZSCH
STA 449C apparatus. Optical diffuse reflectance spectra of
the samples were measured using a Lambda 900 UV-Vis
spectrometer. The valence states were studied by XPS
employing an ESCALABMKII spectrometer from VG Scien-
tific Co., with an Al Kα (1486.6 eV) line at 150W. The photo-
catalytic activities were evaluated by the degradation of
10 ppm methyl orange (MO) in an aqueous solution under
ultraviolet radiation. The photoluminescence spectrum was
measured on a Cray Eclipse fluorescence spectrophotometer
with a Xe lamp excited at 310nm and recorded at a scan rate
of 120 nm·min-1.

3. Results and Discussion

Figure 1(a) shows the XRD pattern of the hydrothermally
prepared TiO2 sample at 200°C for 9 h. It is seen that the peak
which appeared at 2θ = 30 8° is the diffraction peak from the
(121) crystal plane of brookite, which is a characteristic of a
brookite polymorph. The diffraction peak of rutile was not
observed. It should be noted that anatase has almost the same
diffraction peaks of brookite except for the diffraction peaks
of the (121) crystal plane. For the mixture of rutile and
brookite, the phase content of brookite can be estimated from
the relative intensity of their diffraction peak. Based on previ-
ous literature, the phase purity of brookite was evaluated up
to 99.8% by the intensity ratio of diffraction peaks using the
following formula: I121

brookite/ I120brookite + I101
anatase [16].

EDS analysis in Figure 1(b) shows that the sample is com-
posed of Ti and O elements with a small amount of carbon,
which might come from the surface-adsorbed organics. The
surface morphology and size of the sample was investigated
by SEM, as displayed in Figures 1(c) and 1(d). The brookite
TiO2 presents irregular spheres with sizes ranging from 1 to
2μm. The internal structure of the spheres was further exam-
ined by TEM, as shown in Figures 1(e) and 1(f). The brookite
sphere has a hollow structure, assembled by nanoblocks of
20 nm in size. The inserts in Figures 1(e) and 1(f) show the
surface structure of the hollow sphere. Figure 2 shows the
XRD patterns of the samples prepared for different periods
of hydrothermal reaction time. It is observed that the sample
formed at the early stage of 1 h is the mixture of anatase and a
small amount of brookite. It is interesting to find that anatase
gradually transformed into brookite form with the increase of
reaction time, and high-purity brookite was obtained by
extending the reaction time to 9 hours. The anatase-to-
brookite phase transition can be seen from the change of dif-
fraction peak intensity from brookite, as indicated by the
arrows in Figure 2. The crystalline size increased during the
phase-transition process, which conforms with the popular
opinion that anatase TiO2 is stable in small sizes while brook-
ite is more stable in big sizes [17].

The thermal stability of the as-prepared brookite TiO2
was investigated by TG-DTA, as shown in Figure 3(a). Appar-
ently, about 3.5wt.% weight loss below 400°C was attributed
to the vaporization of the water molecules that existed on
the surface of the sample [18], which was further suggested
by the wide endothermic peak in this temperature range. In
the temperature range from 400 to 800°C, an obvious
16.8wt.% weight loss in the TGA curve accompanied with a
sharp exothermic peak in the DTA curve was observed, which
may be attributed to the combustion of surface-adsorbed
organic matter in an air atmosphere [19]. It is noted that
the DTA curve exhibits another strong endothermic peak
at around 900°C despite that no significant weight loss
was observed on the TGA curve in this temperature range,
corresponding to the polymorph transition from metastable
brookite to stable rutile. In previous literature reported by Xu
et al. [20], brookite-to-rutile phase-transition temperature
was fixed at 850°C as detected by in situ high-temperature
XRD. By comparison, this phase-transition temperature
observed in our work is a little higher, and it may be related
to the hollow structure of brookite. To further investigate the
surface-adsorbed species, the FT-IR spectrum of the brookite
sample was measured in the wavenumber range 400-
4000 cm-1. The strongest band located at 3458 cm-1 is attrib-
uted to the vibration of H-O bonds for surface adsorption,
and the weak absorption centered at 1645 cm-1 is associated
with the deformation vibration ofH-Obonds from the surface
adsorption layers [21]. Several bands at 422, 484, 560, and
728 cm-1 in the low wavenumber range are the characteristic
absorption peaks of brookite TiO2 [22]. From the UV-Vis
absorption spectrum in Figure 3(c), the absorption edge was
found to be around 387.2 nm for the hollow-structure brook-
ite. It is generally believed that the brookite-structure TiO2
belongs to an indirect-type semiconductor [9, 23]. The corre-
sponding bandgap energy is estimated as follows:

α =
K hν − Eg

1/n

hν , 1
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Figure 2: XRD patterns of the samples prepared at given periods of
time. (The arrow points out the intensity of the (121) diffraction
peak from brookite which increases with time.)
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Figure 3: (a) TG-DTA curves, (b) FT-IR spectrum, and (c) UV-visible diffusion reflectance spectrum. Insert shows the energy dependence of
αhν 2 for the sample. (d) XPS survey spectrum and high-resolution XPS spectrum for O 1s (e) and Ti 2p (f) of the sample.
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where α is absorbance, hν represents the energy of incident
photons, K is a constant, and n equals to 2 for direct transi-
tion and 1/2 for indirect transition [24]. As displayed in the
insert of Figure 3(c), the bandgap energy Eg was 3.13 eV for
the prepared hollow-structure brookite TiO2, in good agree-
ment with previously reported results [25]. The surface
chemical property of the sample was determined by the
XPS technique. The survey and core level spectra for Ti 2p
and O 1s are given in Figures 3(d)–3(f). Ti 2p signals consist
of the well distinct Ti 2p1/2 and Ti 2p3/2 peaks located at
464.5 and 458.5 eV, respectively. In the O 1s spectrum, there
appears a strong signal at around 530.2 eV accompanied by a
shoulder at 531.7 eVwhichoriginates from the crystalline oxy-
gen (O2-) and the surface-adsorbed oxygen, respectively [26].

The photocatalytic property of the as-prepared brookite
TiO2 was evaluated by the degradation of an MO solution
under UV light. Figure 4(a) shows the degradation rate of
MO with and without the sample under UV light. As we

can see, brookite TiO2 exhibits photocatalytic activity with
an efficiency of nearly 85% in 3h, which is relatively lower
than previously reported [9, 27]. Photocatalysis and photo-
luminescence are two competitive processes of photoin-
duced carriers, and low photocatalytic activity often results
from high band-to-band photoluminescent efficiency [28].
Figure 4(b) shows the photoluminescence spectrum excited
at 310nm. Two main emission peaks appear at about 410
and 464nm wavelengths, respectively. The former is attrib-
uted to band-band photoluminescence, and the latter is
attributed to the transition between impurity and valence
energy levels [28]. Moreover, ESR spin-trapping analysis
was employed to probe the active species. As shown in
Figure 4(c), it is observed that four characteristic 1 : 2 : 2 : 1
quadruple peaks of DMPO-OH show a slow augmentation
with UV-light irradiation. According to the above investiga-
tions, the photocatalytic and photoluminescent mechanisms
of brookite TiO2 are proposed in Figure 4(d). When TiO2 is
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irradiated with light with an energy higher or equal to the
band gap energy, electrons are excited to the conduction
band with the simultaneous generation of holes (h+) in the
valence band. The separation and recombination of photoin-
duced charge carriers are competitive processes, which pro-
duce the photocatalytic reaction and photoluminescent
process, respectively.

4. Conclusions

In summary, high-purity brookite-type TiO2 nanomaterials
were prepared by regulating the reaction time using titanium
sulfate as the titanium source and chloroacetic acid as the
surface active agent under hydrothermal conditions. With
the prolongation of the hydrothermal reaction time, the
originally formed anatase-phase TiO2 gradually trans-
formed into the brookite phase, and a high-purity brookite
sample was obtained when the hydrothermal reaction time
was prolonged to 9 h. TEM characterization found that the
as-prepared brookite TiO2 exhibited a hollow-sphere mor-
phology self-assembled by nanoblocks. The surface of the
brookite TiO2 sample was capped by water and other
organic molecules, as indicated by FT-IR and TG-DTA
results. The photocatalytic and photoluminescent properties
of the brookite TiO2 hollow spheres were investigated for the
first time. The reported findings will be greatly useful in
phase and morphology regulation of titanium dioxide.
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A nanoheterostructure of titanate nanotubes decorated with anatase nanoparticles (TiNT@AnNP) was synthesized for the first time
by a microwave-assisted hydrothermal one-pot reaction. Characterization by X-ray diffraction, Raman spectroscopy, scanning
electron microscopy, energy-dispersive X-ray spectroscopy, high-resolution transmission electron microscopy, selected-area
electron diffraction, and X-ray photoelectron spectroscopy showed highly crystalline and nanometer-sized TiNT@AnNP. The
synthesized TiNT@AnNP degraded an anionic dye (Remazol blue) more efficiently under UV-visible light (380–780 nm) than a
commercial anatase-TiO2 precursor. We correlated this increased efficiency of photodegradation to the large surface area and
the efficient separation of photoinduced electron-hole pairs. Finally, we propose a mechanism to highlight the influence of a
microwave-assisted hydrothermal synthesis in the production of TiNT@AnNP for environmental applications.

1. Introduction

Nanostructured titanium oxide- (TiO2-) based compounds
are one of the most intensely studied families of inorganic
oxides in the literature [1]. Their fascinating structural, elec-
tronic, and biological properties make them useful for
various environmental, energy, and biomedical applications,
such as adsorption, photochemical degradation, Li-ion batte-
ries, photovoltaic cells, oil-water separation, and antibacterial
activity [1]. A layered titanate nanostructure has strong

structural similarity to the anatase phase of TiO2, with simi-
lar building blocks of TiO6 octahedrons, connected by
corner- and edge-sharing oxygen atoms forming negatively
charged two-dimensional sheets, which facilitates fast ion
diffusion, leading to exchange and intercalation, and the
increased surface area facilitates photocatalytic application
[2]. Different synthetic techniques, such as template-based
methods, sol-gel process, anodic oxidation, and hydrother-
mal treatment have been used to generate titanate nanostruc-
tures with different morphologies and properties [3]. A vast
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number of structure-property relationship studies led scien-
tists not only to apply these materials in various fields but
also to understand the basic mechanism of the phase trans-
formation between crystalline phases of titania and titanates,
as well as to the possibility to generate new functional mate-
rials with tailored properties [4]. Formation of a TiO2- (ana-
tase-) trititanate heterostructure is one example, which has
been a hot topic recently because of its increased efficiency
in photocatalysis and photodegradation [5]. These properties
have been associated with different structural and electronic
properties, such as the band gap and the surface area [5, 6].
TiO2- (anatase-) trititanate heterostructures are easily inter-
converted by low-energy-requiring pathways as predicted
by calculations because of the structural similarity between
trititanate and TiO2 (anatase) [7]. These behaviors are
associated with either a topochemical reaction involving
dehydration of the titanate layers, followed by an in situ rear-
rangement of the structural units leading to titanate-
to-anatase phase transformation [8], or a gradual decomposi-
tion and dissolution of the titanate surface, causing the
production of Ti(OH)4 fragments, which undergo dehydra-
tion resulting in Ti–O–Ti bridge formation, thereby starting
the nucleation of the anatase phase [9]. Synthesis of a
titanate-anatase heterostructure was achieved by controlled
thermal annealing, causing a two-step dehydration, the first
step being at the layers, leading to a decrease in interlayer dis-
tance, and the second step resulting in partial destruction of
the tube, forming anatase particles on titanate nanotubes at
350–400°C [10]. Milder postsynthetic treatment of titanate
nanotubes (48 h stirring in 0.05M HNO3 at 70

°C) generated
titanate nanotubes decorated with anatase nanocrystals of 5–
20 nm in diameter [11, 12]. Postsynthetic hydrothermal
treatment of titanate tubes at 150°C for 24 h yielded phase
transformation of trititanate to anatase, which exhibited an
increased surface area as well as a decreased band gap, which
is ideal for photocatalysis reactions [13].

In recent years, another great advance in the synthetic
strategy has been achieved by using microwave heating in
place of conventional heating as it is a faster and more
efficient heating method [14]. The first microwave adapta-
tion of the Kasuga-introduced conventional alkaline hydro-
thermal synthesis of titanate nanotubes from anatase TiO2
[15] was in 2005 by Wang et al. [16]; the reaction time was
reduced to 6 h. Recently, detailed analysis was performed
on microwave synthesis of titanate nanostructures to under-
stand and evaluate the advantage of microwave irradiation
compared to conventional heat treatment, and it was found
that it not only decreases the reaction time manyfold but also
helps to obtain nanostructures with a greater surface area
compared to the conventional method, which, in turn, can
help the nanostructures act as a better catalyst [17, 18]. The
careful selection of the reaction time and temperature can
lead to a trititanate-anatase mixed phase final product
because of incomplete conversion to titanate nanotubes and
partial retention of the starting structure (anatase), which
can give rise to better photoactivity than either a pure anatase
phase or a pure trititanate phase [19, 20]. Additionally, a
microwave-assisted hydrothermal synthesis can give rise to
the formation of anatase nanostructures under conditions

similar to those that result in titanate nanotubes in conven-
tional hydrothermal synthesis, possibly due to the rapid
molecular rearrangement caused by uniform microwave
irradiation [21].

Herein, a very simple one-pot synthesis of a titanate-
anatase nanostructure has been realized for the first time
using a microwave-assisted alkaline hydrothermal method
starting from pure anatase powder. Long, thin titanate
nanotubes decorated with anatase nanocrystals of average
diameter 3.3 nm (TiNT@AnNP) were obtained. This unique
nanoheterostructure was thoroughly characterized by high-
resolution transmission electron microscopy (HRTEM) and
was found to contain anatase and titanate nanostructures,
corroborating the findings of X-ray diffraction (XRD),
Raman spectroscopy, and selected-area electron diffraction
(SAED) analysis. The synthesized TiNT@AnNP photocata-
lytically degraded the dye Remazol blue more efficiently than
a commercial anatase-TiO2 precursor did. We propose and
discuss a mechanism to explain the influence of the
microwave-assisted hydrothermal route to produce TiN-
T@AnNP. Our method is an alternative and economic
one-pot synthetic route to achieve a better catalyst.

2. Experimental Part

2.1. Synthesis of the Nanoheterostructure. TiNT@AnNP was
synthesized by a microwave-assisted alkaline hydrothermal
method. For this, 3.00 g of anatase TiO2 (Sigma-Aldrich,
99.8% purity, free from other metal ions, 60-80 nm average
particle size) was dispersed in 90mL of NaOH solution
(10mol L-1) under magnetic stirring for 30min and then
transferred to a Teflon reactor, which was sealed and sub-
jected to microwave irradiation (domestic micro-oven model
Panasonic, 2.45MHz, maximum power of 700W) at 140°C
for 3 h. The solid product obtained was washed with deion-
ized water and vacuum dried for 24 h.

2.2. Characterization. XRD patterns were obtained with a
Shimadzu XRD 6000 powder diffractometer with the use
of Cu Kα radiation (λ = 1 5406Å). Raman spectra were
obtained with a Raman spectrometer (Senterra, Bruker) with
a 2.33 eV laser excitation source. Scanning electron micros-
copy (SEM), energy-dispersive X-ray spectroscopy (EDS),
and scanning transmission electron microscopy (STEM)
were performed with a scanning electron microscope (FEI
Quanta 250 FEG with an EDAX Genesis-Apollo X SDD
detector attached). HRTEM and SAED were performed with
an FEI Tecnai G2 F20 instrument. N2 adsorption–desorption
analysis was conducted with a Belsorp mini II at 77K up to
760Torr. UV-visible diffuse reflectance spectroscopy of the
samples was performed in absorbance mode with a
Shimadzu UV-2600 spectrophotometer. For the optical
bandwidth energy for an indirect transition, the Kubelka-
Munk function was used [22]. The X-ray photoelectron spec-
tra (XPS) were obtained with a Scienta Omicron ESCA+
spectrometer system equipped with an EA 125 hemispherical
analyzer and an Xm 1000 monochromatic X-ray source (Al
Kα, 1486.7 eV). The X-ray source was used with a power of
280W as the spectrometer worked in a constant-pass energy
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mode of 50 eV. A Scienta Omicron CN10 charge neutralizer
with a beam energy of 1.6 eV charge was used to compensate
the charge effect while the spectra were obtained. For correc-
tions of peak shifts due to the remaining charge effect, the
binding energies of all spectra were scaled with the use of
the main peak of C 1s at 284.8 eV as a reference. Wide-scan
spectra, for peak identification, were recorded with a step of
0.5 eV, and high-resolution spectra for core levels were
obtained with the step of 0.03 eV. All the X-ray photoelectron
spectra were analyzed with the software program CasaXPS,
where the background in high-resolution spectra is com-
puted by the Shirley method. Peak fitting of core levels was
done with an asymmetric Gaussian-Lorentzian product
function for the peak shape.

2.3. Photocatalytic Activity Test. In a typical photodegrada-
tion experiment with the anionic dye Remazol blue (RB),

350mL of aqueous dye solution with a concentration of
50mgL-1 was taken in a beaker and 200mg of the catalyst
added. The system was kept in a closed box and first stirred
in the dark for 30 minutes with the aid of a magnetic stirrer
to establish the adsorption-desorption equilibrium. It was
observed that the absorbance bands of the RB dye did not
decrease over time, which leads us to infer that the adsorp-
tion process does not occur or negligible. After the adsorp-
tion test, the actual photodegradation was carried out by
immersing a mercury lamp (80W, Philips, with emission
at UV-visible range 380nm-780 nm) inserted into a quartz
tube. The solution was continued to be stirred under
magnetic stirring, the temperature was maintained at 25 ±
5°C with a thermostatic bath, and excess oxygen was
bubbled with an air pump. The rate of dye degradation
was observed for 60min, during which, aliquots were with-
drawn at 0, 5, 10, 15, 20, 25, 30, 45, and 60min,
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centrifuged, and analyzed with a Shimadzu UV-3600 spec-
trophotometer (in absorbance mode). The dye concentra-
tion was determined by the corresponding value of the
absorbance at λmax = 591 nm. All photocatalysis experi-
ments were performed in triplicate.

In order to study the influence of light on the degrada-
tion of the RB dye, in the absence of the catalyst, a pho-
tolysis study was carried out. The methodology was very
similar to the typical photocatalysis experiment, described
above, but without the catalyst. The results for photolysis
(Supplementary Figure 1) indicated 49.5% degradation of
the RB dye at the end of 60 minutes of irradiation in
our reactor.

3. Results and Discussion

The XRD diffractograms (Figure 1(a)) show the characteristic
diffraction peaks of the anatase phase of TiO2 around 2θ = 25°
, 38°, 54°, 55°, and 63°, corresponding to the crystallographic
planes (101), (004), (105), (211), and (204), respectively
(JCPDS card no. 84-1286), and wider peaks characteristic of
titanate nanotubes at 2θ = 9 8°, 24°, 28°, and 48°, correspond-
ing to the crystallographic planes (200), (110), (211), and
(020), respectively, of titanate nanotubes [19, 23, 24]. After
careful scrutiny, some other wider peaks with low intensities
were assigned to the titanate nanotube structures centered
around 2θ = 32°, 34.8°, 38.8°, and 61.5°, corresponding to

Elements
(atomic %)

EDS EDS EDS

spot 1 spot 2 area 1

66.34 65.53 61.41

11.72 16.75 12.70

19.85

O

Na

Ti 17.69 25.30

50 �휇m

Selected area 1

EDS spot 2 EDS spot 1

Figure 2: Elemental composition (Na, Ti, and O) of TiNT@AnNP probed by EDS in different parts of the sample, as shown in the attached
SEM diagram.

0.0

20

40

60

80

100

120

140

160

180

200

0.2 0.4 0.6

Relative pressure (p/p0)

Vo
lu

m
e o

f N
2 a

ds
or

be
d 

(c
m

3  (
ST

P)
 g

–1
)

Adsorption
Desorption

0.8 1.0

(a)

D
iff

er
en

tia
l p

ro
re

 v
ol

um
e (

dV
p/

dd
p, 

cm
3 /

g)

0

0.00

0.01

0.02

0.03

0.04

0.05

20 40

Pore width (dp/nm)

60 80 100

(b)

Figure 3: (a) N2 adsorption-desorption isotherms and (b) pore size distribution of TiNT@AnNP.

4 Journal of Nanomaterials



(a)

10 nm

(a)

(b)

10 nm

(b)

(c)

10 nm

(c)

(d)

10 nm

5.00 1/ nm

(d)

(e)

2 nm

5.00 1/ nm

(e)

0
2 3 4

Average distribution of diameter of
TiO2 anatase (nm)

3.3nm

5 6 7

10

20

30

C
ou

nt
s (

a.u
.) 40

50

60

(f)

Figure 4: High-resolution transmission electron microscopy images of the titanate nanotubes decorated with anatase nanoparticles showing
(a) the internal and external diameter of titanate nanotubes; the inset shows the TiO6 octahedra, arranged in a zig-zag fashion, forming the
walls of the titanate nanotubes. (b) Titanate nanotubes decorated with anatase nanocrystals, (c) interlamellar distance of the nanotubes, and
(d, e) crystallite planes with corresponding d-spacings of the anatase nanoparticles decorating nanotubes; the insets in (d, e) show
selected-area electron diffraction patterns showing a bright spot as well as concentric circles corresponding to these planes. (f) Diameter
distribution of anatase nanoparticles, showing an average particle diameter of 3.3 nm.

5Journal of Nanomaterials



the crystallographic planes (112), (31-2), (113), and (422),
respectively, characteristic of titanate nanotubes [25].

The interlamellar distance of the nanotubes (d200) was
calculated with Bragg’s law and was 0.87 nm, which matches
with a structure similar to sodium trititanate, Na2Ti3O7,
according to previous literature [26, 27]. The interplanar dis-
tances of the planes of the anatase phase were also calculated
with Bragg’s law and were d101 = 0 35 nm, d004 = 0 24 nm,
d200 = 0 18 nm, d105 = 0 17 nm, d211 = 0 16 nm, and d204 =
0 15 nm. The mean crystallite size of the anatase particle
was calculated to be approximately 65nm from the sharpest
anatase peak at 2θ ≈ 25°, which corresponds to the unreacted
precursor, also identified in the STEM image (Figure 1(d)).
The Raman spectrum (Figure 1(b)) shows vibrational modes
corresponding to the anatase phase at 142, 196, 395, 515, and
638 cm-1, as well as vibrational modes of titanate nanotubes
at 280, 448, and 908 cm-1, emphasized in the inset of
Figure 1(b) [28, 29]. It was possible to confirm the formation
of titanate nanotubes starting from the anatase precursor
with the structural information obtained from the XRD
patterns and Raman spectra and the morphological data
obtained by scanning electron microscopy and STEM
(Figures 1(c) and 1(d)).

The chemical composition of the titanate nanotubes was
investigated by energy-dispersive X-ray spectroscopy (EDS).
The atomic percentages of the elements were shown in
Figure 2, which leads to the Na/Ti and Ti/O atomic ratios
to be 0.66 and 0.32, respectively. These values suggest a
Na2Ti3O7 phase structure [30] with a small excess of oxygen,
probably due to the presence of water in the structure.

The N2 adsorption-desorption isotherms at 77K of TiN-
T@AnNP were shown in Figure 3(a), which shows a mixed
II-type IV nature with a small H4 hysteresis loop, character-
istic to the titanate nanotubes, reflective of its mesoporous
nature [31]. The specific surface area was calculated using
the Brunauer-Emmet-Teller (BET) method which showed a
drastic increase of the BET surface area of TiNT@AnNP
(127m2/g) compared to that of the anatase-TiO2 precursor
material (15m2/g). The pore size distribution of TiN-
T@AnNP was shown in Figure 3(b), and the average pore
diameter as well as the total pore volume was calculated using
Brunauer-Joyner-Halenda (BJH) method and was found to
be 8.7 nm and 0.26 cm3/g, respectively, confirming the meso-
porous nature.

To carefully study TiNT@AnNP, HRTEM was per-
formed rigorously, and surprisingly the titanate nanotubes
were found to be homogeneously and intensively decorated
with anatase nanoparticles. Representative HRTEM images
are shown in Figures 4(a)–4(e). The internal and external
diameters of the titanate nanotubes were 5.9 and 10.5 nm,
respectively (Figure 4(a)). A close zoom in of the wall struc-
ture of the titanate nanotube shows the TiO6 octahedra, con-
nected in zig-zag fashion, depicted in the inset of the Figure 1.
However, a previously unreported feature was observed: tita-
nate nanotubes appear to be uniformly decorated with
anatase nanocrystals after the microwave hydrothermal
reaction (Figure 4(b)), giving rise to a nanoheterostructure.
The interlamellar spacing between the multilayers of the

nanotubes measured by HRTEM was 0.70nm (Figure 4(c)).
The reduction of the interlayer distance (compared with the
value obtained by XRD) could be rationalized by the fact that
for HRTEM analysis, the sample was subjected to a high vac-
uum, which resulted in the release of water from the titanate
layers, promoting a shortening of the distance between the
layers [32].

The SAED patterns of TiNT@AnNP shown in the insets
in Figures 4(d) and 4(e) indicate the predominance of diffuse
concentric rings [25], but because of the low crystallinity of
the titanate tubes, it was difficult to assign the planes of this
phase. However, concentric rings associated with the more
crystalline phase related to anatase nanocrystals were seen
in the SAED images, corresponding to the different Bragg
planes, especially (101), (004), (200), (211), and (204). The
interplanar distances of the anatase nanocrystals of the
heterostructure were measured from the HRTEM images
(Figures 4(d) and 4(e)) directly and were found to be d101
= 0 35 nm, d004 = 0 23 nm, and d200 = 0 18 nm, which cor-
roborates the values found by XRD as well as SAED. If
carefully observed, an amorphous interface can be seen
between these two crystalline phases, titanate nanotubes
and anatase nanoparticles, which can be clearly seen in
Figure 4(e). This is a site with structural defects, which could
be responsible for the electron trapping, stopping the
electron-hole pair recombination and therefore leading to
better photooxidation of the dyes. The average diameter dis-
tribution of the anatase nanoparticles of TiNT@AnNP is
shown in Figure 4(f) and was 3.3 nm.

The UV-visible (solid) absorption spectra of TiN-
T@AnNP and the anatase precursor are shown in Figure 5.
The band gaps of the corresponding spectra were evaluated
by the Kubelka-Munk method [22] and are shown in the
inset in Figure 5. The results indicate that the formation of
TiNT@AnNP resulted in a change in the electronic levels of
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Figure 5: UV-visible diffuse reflectance spectra of TiO2 (anatase)
and titanate nanotubes decorated with anatase nanoparticles
(TiNT@AnNP) and band gap obtained by the Kubelka-Munk
method (inset).
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the anatase precursor as the band gap decreased to 2.94 eV
(nanoheterostructure) from 2.99 eV (anatase). Although the
change is small, the enhanced photocatalytic activity of TiN-
T@AnNP in the degradation of Remazol blue can be attrib-
uted to the synergism associated with the mixed phase and
defect-rich phase boundaries, which increases the efficiency
of generating electron-hole pairs.

The XPS (Figure 6(a), the maximum energy for C 1s (284.
8 eV) was used as the reference binding energy) reveals the
surface compositional information of the TiNT@AnNP.
The surface elemental composition of the TiNT@AnNP
was found to be Na2Ti4.12O26.68 (Figure 6(a)), with a higher
compositional value of both Ti and O compared to that
found from EDS, mentioned earlier. This may be attributed
to the surface sensitivity of the XPS method, as it takes up
the additional signals of Ti and O from the anatase-TiO2
nanoparticles, decorated on the surface of the tubes. Further
excess of O can be accounted for the structural water as O 1s
spectrum of TiNT@AnNP (Figure 6(b)) shows that the O 1s
peak at 530.1 eV can be deconvoluted into subpeaks at 532,
531, and 529.8 eV, which are attributed to H2O, –OH, and
Ti–O, respectively. Similar results were reported by Kim
et al. [33], who found that the O 1s peak is formed from
Ti–O in TiO2 and OH in Ti–OH. The higher intensity of
the Ti–OH groups in TiNT@AnNP indicates the presence
of a large amount of surface hydroxyl groups [6].

Although the stepwise formation of TiNT@AnNP from
anatase particles was investigated thoroughly in this work,
two possible mechanisms are suggested from a study of the
literature and indirect evidence and are shown in the
schemes in Figure 7. Because trititanate nanotubes have
building blocks similar to those of anatase TiO2, the former
can be converted to the latter by simple chemical routes. In
acidic conditions, this transformation follows a topochemical
reaction mechanism, whereas in alkaline conditions it
proceeds through a dissolution and nucleation mechanism
[34]. There has been much controversy about the exact
mechanism of the formation of titanate nanotubes from

anatase TiO2 via an alkaline hydrothermal synthesis route,
but there is agreement in that to begin with the surface of
the starting material, anatase particles, which is delaminated
in an alkaline medium, giving rise to smaller entities such as
Ti(OH)4, and then recrystallizes to form trititanate nano-
sheets, which roll up to form nanotubes [35]. In our first pro-
posed mechanism (path 1 in Figure 7), it is surmised that
because of the superefficient, rapid, and less selective internal
heating by microwaves, all the aforementioned processes
probably happen simultaneously and at an elevated rate in
the reactor. As the precursor anatase particles is dissolved
in NaOH, generating Ti(OH)4, they crystallize not only as tri-
titanate sheets, which then roll up to form titanate nanotubes,
but also as anatase nanocrystals of smaller diameter (3-4 nm),
which can precipitate on the surface of the nanotube, formed
at the same time, and are attached with the help of dangling
hydroxyl groups on the titanate nanotube surface, thereby
generating the observed TiNT@AnNP heterostructure. As
an alternative, we propose another two-step mechanism,
depicted in Figure 7 as path 2, where the titanate nanotube
is first generated by the dissolution-recrystallization pathway
from the anatase particles, followed in the second step by cor-
rosion of the wall of the tubes in alkaline solution to generate
Ti(OH)4, which recrystallizes as anatase nanocrystals over
the nanotubes. A similar mechanism was observed in
conventional alkaline hydrothermal posttreatment of sodium
trititanate nanotubes, where the surface of the sodium tritita-
nate tube slowly decomposes to produce Ti(OH)4 fragments,
which rearrange themselves through dehydration, giving rise
to a Ti–O–Ti linkage, eventually seeding to form a tetragonal
faceted single crystal of anatase TiO2 [9]. Because of the fast
kinetics and the stochastic nature of the reaction happening
in the microwave reactor, it is impossible at this stage to
choose between these two pathways, but careful observation
of the HRTEM images of the reaction conducted for 1 and
4h in conditions similar to those described above shows that
the nanocrystals obtained in the latter case are larger than
those obtained in the former case (shown in Supplementary
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Figure 2), which suggests that the second possibility (path 2
in Figure 7) is more likely, which is promoting the ripening
of anatase nanoparticles.

Experiments investigating the photocatalytic degradation
of the anionic dye Remazol blue by TiNT@AnNP as well as
the precursor were performed under UV-visible light irradi-
ation (Figure 8). At the beginning of the photocatalysis
experiment, the photocatalysts were added to the solution
(50mg/L) of the dye Remazol blue and agitated for 30
minutes in the dark. Then the concentration of the solution
was measured by means of UV-Vis spectroscopy, and it
was found unchanged, i.e., no significant adsorption of the
dye was observed by the catalyst under the experimental con-
ditions. In both cases, degradation followed the Langmuir-
Hinshelwood pseudo-first-order kinetics model, as shown
by the best fit with a correlation coefficient R2 = 0 953
and 0.977, respectively. The degradation rate constant was
0.0317min-1 for TiNT@AnNP, whereas for the anatase pre-
cursor, it was 0.017min-1. The rate constant and the degrada-
tion capacity, as shown in Figure 8, for the hybrid system
compared with the precursor material were much greater,
indicating that a microwave-assisted hydrothermal synthesis
is an alternative option for fast and efficient one-pot produc-
tion of a catalyst, which can be used for complete degradation
of the dye Remazol blue.

4. Conclusion

A nanoheterostructure of a titanate nanotube decorated
with anatase nanoparticles was generated by a one-pot
microwave-assisted hydrothermal method with anatase as
the precursor; this had not been reported previously.
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Morphological and structural characterization showed that
these anatase nanoparticles are anchored on the titanate
nanotubes with a homogeneous distribution and have an
average diameter of 3.3 nm. Two possible mechanisms for
the formation of the heterostructure were proposed, and
the mechanism involving the formation of titanate nano-
tubes followed by corrosion of the walls by NaOH and
recrystallization of anatase nanocrystals over the nanotube
surface was argued to be more likely because the longer
synthesis produces larger anatase nanoparticles on nano-
tubes. Finally, TiNT@AnNP was investigated for its ability
to degrade the anionic dye Remazol blue photocatalytically,
and it was found to be more efficient than the precursor
TiO2 (anatase), probably because of its greater surface area
and efficiency of separation of photoinduced electron-hole
pairs. Thus, the microwave-assisted hydrothermal route
can be used as an alternative efficient and one-pot method
to generate TiNT@AnNP with increased efficiency for
photodegradation of dyes.
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ZnO-ZrO2 nanocomposites using zinc (II) acetylacetonate and different ZnO contents (13, 25, 50, and 75% mol) were synthesized
through sol-gel method. The synthesis process was strongly related to nanocomposite properties especially on their structural
composition. The obtained ZnO-ZrO2 nanomaterials presented tetragonal crystalline structure for zirconia whereas hexagonal
one was formed in ZnO. Raman spectroscopy and XRD patterns confirmed the formation of tetragonal zirconia whereas
inhibition of monoclinic structure was observed. Addition of ZnO affected the pore size distribution of the composite, and the
measured specific surface areas were from 10m2/g (for pure ZnO) to 46m2/g (pristine ZrO2). Eg values of ZrO2 were modified
by ZnO addition, since calculated values using Kubelka-Munk’s function varied from 4.73 to 3.76 eV. The morphology and size
of the nanomaterials investigated by electron microscopy showed formation of nanorods for ZnO with sizes ranging from 50 nm
to 300 nm while zirconia was formed by smaller particles (less than 50 nm). The main advantage of using the nanocomposite for
photocatalytic degradation of phenol was the mineralization degree, since 75ZnO-ZrO2 nanocomposite surpassed mineralization
reached by pure ZnO and also inhibited formation of undesirable intermediates.

1. Introduction

Zirconium oxide (ZrO2) known as zirconia is an interesting
material due to its application in various photochemical het-
erogeneous reactions. ZrO2 is an n-type semiconductor with
a wide band gap energy between 5.0 and 5.5 eV [1]. Because
of this, ZrO2 requires UV-C light (<280nm) to be excited
and generate electron-hole pairs [2]. A strategy to overcome
this is by doping ZrO2 with different transition metal ions or
coupling with other metal oxides with dissimilar band edge
[3]. Composites made of two metal oxides have attracted
much attention in different researches because they possess

improved physicochemical properties than the pure oxides.
Usually, composites enhance photocatalytic activity [4, 5],
produce new crystallographic phases with quite different
properties than the original oxides, create defect energy levels
in the band gap region [6], change the surface characteristics
of the individual oxides due to the formation of new sites in
the interface between the components [7], and also increase
the stability of a photoactive crystalline phase [8]. In order
to enhance optical properties of ZrO2 several semiconductors
like SiO2, TiO2, ZnO, WO3, and NiO have been coupled to
ZrO2. Together with TiO2, zin oxide is one of the most inves-
tigated n-type semiconductor materials due to its low-cost,
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easy fabrication, wide band-gap, and photocatalytic activity
for degrading several organic pollutants into less harmful
products [9]. The main advantage of ZnO is that it
absorbs a larger fraction of the solar spectrum than TiO2
[10]. The band gap of ZnO is ~3.37 eV, and its exciton-
binding energy is about 60meV [11]. Many reports have
been published about the good physicochemical properties
given by the use of ZnO in composites. For instance, a
composite made by nanostructures transparent conducting
metal-oxides (TCMOS) as ZnO/NiO resulted in an excel-
lent candidate for acetone sensing [12]. Nanocomposites of
Zn(1−x)MgxO/graphene showed an excellent performance
to remove methylene blue dye under natural sunlight illu-
mination [13]. TiO2/ZnO nanocomposites with different
contents of ZnO showed an improvement in the degradation
of the organic dyes brilliant green and methylene blue under
solar light irradiation [14]. ZnO/TiO2 photocatalyst exhib-
ited much higher photocatalytic activity than pure TiO2,
ZnO, and P-25 in the degradation of 4-chlorophenol under
low UV irradiation [15]. The composites of ZnO/Ag2CO3/
Ag2O demonstrated a potential effect in the photodegra-
dation of phenol under visible light irradiation due to the
facilitate charge transfer and suppress recombination of
photogenerated electrons and holes [16].

Recently, composites of ZrO2 with ZnO have attracted
much attention because of their excellent properties as a
semiconductor material, especially for the degradation reac-
tions of recalcitrant organic pollutants. The enhancement
in photocatalytic activity of ZnO-ZrO2 composites has been
associated with the changes in their structural, textural, and
optical properties, such as surface area, particle size, forma-
tion of a specific crystalline phase, and low band gap energy
[4, 17, 18]. In addition, the improved electron-hole pair
enhances the photocatalytic efficiency. Under illumination,
both the semiconductors of nanocomposite are simulta-
neously excited, and the electrons slip to the low-lying con-
duction band of one semiconductor, while holes move to the
less anodic valence band. Sherly et al. [19] attributed the effi-
ciency of Zn2Zr (ZnO and ZrO2 in 2 : 1 ratio) photocatalyst
in the degradation of 2,4-dichlorophenol to the good stability
and the efficient separation of photogenerated electron-hole
pairs. Aghabeygi and Khademi-Shamami [4] stated that the
good properties of 1 : 2 molar ratio of ZrO2 :ZnO as photoca-
talyst in the degradation of Congo Red dye could be by the
decrease in the rate of the hole-electron pairs recombination
when the excitation takes place with energy lower than Eg.
Besides, they proposed that ZnO could increase the concentra-
tion of free electrons in the CB of ZrO2 by reducing the charge
recombination in the process of electron transport. Gurush-
antha et al. [20] demonstrated a photocatalytic enhancement
in the ZrO2/ZnO (1 : 2) nanocomposite for the degradation
of acid orange 8 dye under UV light irradiation (254nm).
They observed that the reduction of energy gap, the increase
of the density states, and the stability of the composite
increased the photocatalyst efficiency.

In this work, we investigated the effect of ZnO on the
photocatalytic properties of ZnO-ZrO2 nanocomposites
obtained by sol-gel method in the photodegradation of phe-
nol in water under UV-A irradiation.

2. Materials and Methods

2.1. Reagents. Zirconium (IV) butoxide (80wt. % in 1-buta-
nol), phenol (ReagentPlus ≥99%), and Zinc Acetylacetonate
hydrate were purchased from Sigma-Aldrich; hydrochloric
acid (36.5–38%) was obtained from Civeq (México). In all
cases, deionized water was used.

2.2. Synthesis of ZrO2. 81.2mmol of de Zirconium (IV)
butoxide were added dropwise to 48.9mL of deionized
water and ethanol mixture (1 : 8) preheated at 70°C. Before
addition of the alkoxide, pH was adjusted at pH3 with
hydrochloric acid (2.5M). The white suspension was kept
under temperature at 70°C, with continuous stirring and
reflux for 24h. The gel was dried at 70°C for 8 h afterwards.
Finally, the obtained powder was ground and then calcined
at 500°C for 4 h.

2.3. Synthesis of ZnO. 11.38mmol of Zinc Acetylacetonate
hydrate (powder, Sigma-Aldrich) were added into 50mL
of ethanol (96%, Civeq) previously heated at 70°C and
adjusted at pH3 with chlorhydric acid (2.5M) (36.5–38%,
Civeq) during 30min. The suspension was stirred for 4 h
at 70°C and then being aged for 24 h under continuous agita-
tion. Later, the resulting gel was washed several times with
ethanol and deionized water. Finally, the white powders were
dried at 70°C during 6 h, ground, and then calcined at 500°C
for 4 h.

2.4. Synthesis of ZnO-ZrO2 Nanocomposites. Different molar
percentages (13%, 25%, 50%, and 75%) of ZnO were incorpo-
rated into ZrO2 and named as 13ZnO-ZrO2, 25ZnO-ZrO2,
50ZnO-ZrO2, and 75ZnO-ZrO2. The photocatalysts were
prepared as follows: the appropriated amount of Zinc Acetyl-
acetonate hydrate was dissolved into 50mL of ethanol previ-
ously heated at 70°C and adjusted at pH3 (HCl, 2.5M). ZrO2
sols were prepared separately as previously described but just
before the addition of the half of the total amount of alkoxide
was completed, the corresponding ZnO sol was incorporated
into the mixture, followed by the dropwise of the rest of the
zirconium alkoxide. The mixture was kept under vigorous
stirring and reflux at 70°C during 24h. The obtained gels
were washed several times with ethanol and deionized water,
then they were, dried, ground, and calcined at 500°C during
4 h. The proposed reactions are presented in Supplementary
Materials (Figures S1, S2, and S3).

2.5. Characterization of the Nanocomposites. X-ray diffrac-
tion (XRD) patterns were obtained on a Bruker D8 Advance
diffractometer using CuKα radiation (1.5418Å) in the 2θ
scan range of 10–90°. The average crystallite size of the
samples was estimated using the Debye-Scherrer equation
(equation (1)).

D =
0 89λ
β cos θ

, 1

where λ is the wavelength of CuKα radiation, β is the peak
width at half maximum, and θ is the diffraction angle.
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To calculate the percentage of monoclinic and tetragonal
phases of pure ZrO2, we used the monoclinic phase fraction
Xm and the following equation described by Garvie and
Nicholson [21]:

Xm =
Im −111 + Im 111

Im −111 + Im 111 + It 101
× 100, 2

where Im and It represent the integral intensities of mono-
clinic 111 and −111 and tetragonal 101 peaks.

Raman spectroscopy was performed with an XploRA
PLUS Raman system equipment (HORIBA) with a CCD
detector, an optical microscope (Olympus BX), and solid-
state laser (532 nm/25mW). Fourier transformed infrared
spectra (FT-IR) were collected in a Shimadzu IRAffinity-1
spectrophotometer. The powders (<5%wt) were pressed into
100mg wafers together with KBr (J.T.Baker, Infrared grade).

Diffuse reflectance UV-Vis spectroscopy (UV-Vis/DRS)
was carried out on Shimadzu UV-2600 spectrophotometer
equipped with an integrating sphere accessory and BaSO4
as reference (99% reflectance). The band-gap (Eg) values
were calculated using Kubelka-Munk function, F(R), by the
construction of a Tauc’s plot: (F(R)∗hν)2 or (F(R)∗hν)1/2

versus energy (eV), for a direct and indirect allowed transi-
tion, respectively. The BET specific surface areas (SBET)
and pore volume (BJH method) of the samples were deter-
mined by N2 adsorption-desorption isotherms at 77°K using
a Quantachrome Autosorb 3B instrument. Degasification of
the samples was performed at 100°C during 12 h. Surface
morphology of the materials was analyzed by field emis-
sion scanning electron microscopy (FESEM) using a Hitachi
S-4800 microscope, whereas high-resolution transmission
electron microscopy (HRTEM) was performed in a JEOL
JSM-2100 electron microscope operated at 200 kV, with a
0.19 nm resolution.

2.6. Photocatalytic Activity. Synthesized particles were tested
in the photodegradation of phenol. The photocatalytic
study was carried out in a 250mL pyrex reactor covered
with a UV-transparent Plexiglas (absorption at 250nm);
the intensity of the radiation over the suspension was
90W/m2. For each test, 200mg of photocatalyst were sus-
pended into 200mL of phenol solution (50 ppm). The sus-
pension was magnetically stirred in the dark with oxygen
flow of 20L/h until adsorption-desorption equilibrium was
reached (ca. 20min). Then the suspension was illuminated
with an Osram Ultra-Vitalux lamp (300W, UV-A, λ = 365
nm). Aliquots of 3mL were taken and filtered (Millipore
Milex-HV 0.45μm) for further analysis. Variations in phe-
nol concentration were tracked by high-performance liquid
chromatography (HPLC) using an Agilent Technologies
1200 chromatograph equipped with a UV-Vis detector and
Eclipse XDB-C18 column 5μm, 4 6mm × 150mm. The
mobile phase was water/methanol (65 : 35) at a flow rate of
0.8mL/min. Mineralization of phenol was measured by the
total organic content (TOC) in a Shimadzu 5000 TOC ana-
lyzer. The percentage of mineralization was estimated using
the equation (equation (2)):

%Mineralization = 1 −
TOCfinal
TOCinitial

∗ 100, 3

where TOCinitial and TOCfinal are the total organic carbon
concentrations in the media before and after the photocata-
lytic reaction, respectively.

3. Results

3.1. X-Ray Diffraction Analysis. X-ray patterns of the photo-
catalysts are depicted in Figure 1(a). All the diffractograms of
the samples containing ZnO exhibited sharp and strong
peaks at 31.70°, 34.30° y 36.20 (2θ) which correspond to
(100), (002), and (101) reflections, respectively, and agree
with the characteristic peaks of ZnO wurtzite-type hexagonal
crystalline structure (JCPDS 36-1451). The high intensity of
the (101) peak suggests anisotropic growth and orientation
of the crystals [22, 23].

On the other hand, pristine ZrO2 showed broad peaks
located at 28.20°, 30.20°, and 31.50° (2θ). The peak centered
at 30.20°(101) is characteristic of tetragonal crystalline phase
(t-ZrO2) according to JCPDS 79-1771 card, whereas those at
28.20°(−111) and 31.5°(111) are representative of monoclinic
phase (m-ZrO2, JCPDS 37-1484). These results suggest a
mixture of both tetragonal and monoclinic crystalline phases,
which is commonly observed on ZrO2 materials when cal-
cined at similar temperatures [24, 25].

When ZnO was added to ZrO2, the corresponding peaks
to monoclinic phase were not observed, indicating inhibition
of monoclinic phase. As the content of ZnO increases, the
reflection (101) observed at 30.20° (2θ) appeared slightly
shifted towards 30.38° except for the 50ZnO-ZrO2 sample;
therefore, the peaks observed for all the ZnO-ZrO2 materials
are assigned to the presence of tetragonal phase. To distin-
guish between the diffraction patterns of cubic and tetragonal
phases of ZrO2, the 2θ region at 71–77° was carefully exam-
ined. The asymmetric doublets at ~74° indicated the forma-
tion of tetragonal ZrO2 [26–28]. Figure 1(b) shows the
tetragonal doublets for all ZnO-ZrO2 materials. Crystallite
size and percentage of phases for pure ZnO and ZrO2 and
ZnO-ZrO2 nanocomposites were determined using Debye-
Scherrer equation and Garvie and Nicholson method.
Because monoclinic phase was not observed in ZnO-ZrO2
composites, we considered only the integral intensities of
tetragonal and wurtzite peaks of ZrO2 and ZnO, respectively.
The obtained values are presented in Table 1.

3.2. Raman Spectroscopy. The theory of groups predicts
six Raman-active modes of vibrations for tetragonal (A1g +
2B1g + 3Eg) and 18 for monoclinic (9Ag + 9Bg) of ZrO2,
whereas for ZnO there are 4 Raman-active modes, although
splitting of E2 modes into longitudinal optical (LO) and
transversal optical (TO) gives place to 6 active modes. In
Figure 2, Raman spectra of the photocatalysts are pre-
sented. For ZnO, two peaks can be clearly observed, the first
one at 99 cm−1 and the second at 434 cm−1, corresponding
to E2 mode characteristic of wurtzite-type structure; two
additional weak bands at 326 and 380 cm−1 were also
observed which are related to 2-phonon and A1(TO) mode,
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respectively [29]. The ZrO2 spectrum showed several peaks
located at 100, 176, 217, 306, 333, 380, 474, 501, 534, 553,
613, and 638 cm−1, which are very close to those reported
for monoclinic phase. The peaks attributed to tetragonal
structure were located at 142 and 265 cm−1 whereas two addi-
tional bands reported for this structure around 318 and
461 cm−1 seemed to be overlapped with monoclinic signals;

the peaks between 640 and 641 cm−1 are shared by mono-
clinic and tetragonal structures [30, 31]. Since cubic structure
of zirconia usually exhibits one strong peak around 617 cm1,
the absence of this signal indicates the presence of a mixture
of only two structures (monoclinic and tetragonal) in pristine

Table 1: Crystallite size and percentage of phase content of
nanocomposites obtained from Debye-Scherrer equation and
Garvie and Nicholson method, respectively. m represents
monoclinic and t tetragonal phase of ZrO2. w indicates the
wurtzite structure of ZnO.

Sample Crystallite size (nm) h k l Phase content (%)

ZnO 33.2 (101) 100%

ZrO2

14.3 (101)m 59.7%

15.4 (−111)t 40.3%

13ZnO-ZrO2

18.2 (101)t 100%
— —

25ZnO-ZrO2

14.5 (101)t 88.0%

44.7 (101)w 12.0%

50ZnO-ZrO2

14.4 (101)t 82.0%

48.3 (101)w 18.0%

75ZnO-ZrO2

13.8 (101)t 60.9%

44.6 (101)w 39.1%
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Figure 1: (a) XRD pattern of (A) ZnO, (B) ZrO2, (C) 13ZnO-ZrO2, (D) 25ZnO-ZrO2, (E) 50ZnO-ZrO2, and (E) 75ZnO-ZrO2 calcined at
500°C. t = tetragonal and m=monoclinic of ZrO2; w =wurtzite for ZnO. (b) XRD pattern of the samples evaluated in the region of 71–77°

to identify the tetragonal doublets of ZrO2.
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Figure 2: Raman spectra of ZnO-ZrO2 nanocomposites. (A) ZnO,
(B) ZrO2, (C) 13ZnO-ZrO2, (D) 25ZnO-ZrO2, (E) 50ZnO-ZrO2,
and (F) 75ZnO-ZrO2. m indicates monoclinic and t tetragonal
structures for ZrO2 whereas z indicates wurtzite crystalline
structure of ZnO.
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ZrO2. For the ZnO-ZrO2 composites, Raman spectra did not
show sharp peaks. As the content of ZnO increased, we
observed the broadening of the peaks that correspond to
tetragonal structure modes; this broadening is related to the
decrease in the crystallite size of this crystalline phase, usually
due to phonons associated with the nanosized particles.
On the other hand, the absence of representative signals for
monoclinic structure in both Raman spectra and XRD
patterns leads us to conclude that ZnO inhibited the forma-
tion of this structure in ZnO-ZrO2 composites. Addition-
ally, Rietveld refinement of 13ZnO-ZrO2 was performed
(Supplementary Materials, Figure S4 and Table S1). This
analysis confirmed the absence of both solid solution and
cubic crystalline phase formation; the estimated percentages
of each crystalline structure are shown in Table 1.

3.3. FTIR Analysis. Figure 3 shows the spectra of pure ZnO,
ZrO2, and ZnO-ZrO2 composites with different content of
ZnO. FTIR spectra of all materials presented wide bands at
3410–3450 cm−1 which correspond to O-H stretching vibra-
tions of physical adsorbed water on the catalyst surface
[32]. Compared to the ZrO2 band, a shift of the O-H band
to lower frequencies occurs as the percentage of ZnO
increases in the ZnO-ZrO2 composites. Pure ZnO spectrum
showed an intense band centered at 423 cm−1. This band is
characteristic for Zn-O vibrations [23, 32]. Two intense
bands appeared at 744 cm−1 and 576 cm−1 have been associ-
ated with vibrations of Zr-O in monoclinic structure. An
additional band located at 498 cm−1 was also present in
ZrO2 spectrum; this signal corresponds to Zr-O-Zr vibra-
tions in tetragonal structure [33–35], which appears slightly
shifted for all ZnO-ZrO2 nanocomposites. This behavior
can be attributed to the addition of divalent oxides like
ZnO (Zn+2) to ZrO2. Also, the incorporation of these oxides
may produce a lattice deformation on the crystalline struc-
ture, with subsequent modification on the force constants
of Zr–O and related bonds [33].

3.4. Specific Surface Area. Figure 4 shows the N2 adsorption-
desorption isotherms of the nanocomposites as well as their
corresponding pore size distribution (insets). The isotherms
for all the samples presented type IV(a) shape according to
IUPAC classification [36] which corresponds to mesoporous
structures where capillary condensation takes place and is
accompanied by hysteresis. The adsorbed volume in all cases
is relatively low which explains the observed values for spe-
cific surface area. It has been reported that ZnO usually
exhibits poor BET surface areas ranging from 1 to 15m2/g
when no additives are used to improve this property. In our
samples, pure ZnO showed a SBET = 10m2/g while ZrO2
exhibited 46m2/g.

The isotherms of both ZnO and ZrO2 pure oxides
showed a narrow hysteresis loop, which for ZrO2 starts at
0.4 (P/P0) and for ZnO this occurs at higher relative pressures
(0.8) (Figure 4(a)). When composites were analyzed, hyster-
esis loop for all the composition was slightly broader than
pure oxides, indicating changes in porosity (Figure 4(b)).
ZnO showed H3-type hysteresis loop at high relative pres-
sure. However, ZrO2 and all ZnO-ZrO2 composites exhibited
H2-type hysteresis which is associated with the presence of
bottle-shaped mesopores that can be explained as a conse-
quence of the interconnectivity of pores [1]. The specific sur-
face area decreased from 46 to 8m2/g when 25% of ZnO was
incorporated, and for 75ZnO-ZrO2, SBET value was 36m2/g,
and its N2 isotherm showed a broader hysteresis loop than
the observed pure oxides. Additional effect of ZnO incorpo-
ration was observed in BJH pore size distribution: pristine
ZrO2 showed a wide pore size distribution from meso- to
macropores, whereas ZnO presented pores around 30nm
and also macroporosity; when both oxides were coupled,
pore size distribution for all composites showed unimodal
distribution with very close pore size average.

3.5. Diffuse Reflectance UV-Vis Spectroscopy. The absorption
spectra of the oxides are depicted in Figure 5(a). The Uv-Vis
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Figure 3: (a) FT-IR full spectra of (A) ZnO, (B) ZrO2, (C) 13ZnO-ZrO2, (D) 25ZnO-ZrO2, (E) 50ZnO-ZrO2, and (F) 75ZnO-ZrO2
composites with different content of ZnO. (b) FTIR region from 1300 to 400 cm−1.
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spectrum of ZnO shows an absorption edge at 370nm, which
is in good agreement with literature [37]. This characteristic
band can be assigned to the intrinsic band-gap absorption
of ZnO due to the electron transitions from the valence band
to the conduction band (O2p→Zn3d) [38]. ZrO2 spectrum
showed a small absorption band at 208 nm and another large
band at 228 nm, which appeared at lower wavelengths than
the characteristic bands reported for ZrO2, usually observed
~240nm [39]. These bands correspond to the presence of
Zr species as the tetrahedral Zr+4, and it is electronically pro-
duced by the charge transfer transition of the valence band
O2p electron to the conduction band Zr4d (O2→Zr4+) level

upon UV light excitation [40]. There was no other absorption
band observed in the UV-Vis region. It has been reported
that the identification of ZrO2 phases can be possible by
using UV range of DRS. The two bands observed in pure
ZrO2 are typically observed since ZrO2 has two band-to-
band transitions. According to Sahu and Rao [41], the first
transition corresponds to values around 5.17–5.2 eV that
can be associated with m-ZrO2. In the ZrO2 here prepared,
we observed by DRX that monoclinic and tetragonal phases
are presented in pure oxide. The band at high energy cannot
be observed when the content of ZnO increases, not only due
to the disappearance of monoclinic phase but also for the
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Figure 4: N2 adsorption-desorption BET isotherms of (a) pure oxides and (b) different ZnO-ZrO2 composites; the insets represent BJH pore
size distribution from desorption branches.
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composites. (I) represents the first and (II) the second edge of the samples considered for Eg estimations.
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incorporation of ZnO affecting the shape of the spectrum.
The spectrum of pure ZrO2 also depicts a small shoulder with
an onset at 310nm that can be attributed to t-ZrO2 crystal-
line structure [42]. The shape as well as the intensity of this
band changes as the content of ZnO increases and slightly
shifts towards lower energy region, due to the effect of ZnO.

The addition of ZnO modified the absorption edge of
ZrO2 towards lower values. A red shift was observed in
the last band of all ZnO-ZrO2 materials towards longer

wavelength region, due to the introduction of energy levels
in the interband gap [17]. Kubelka-Munk function was
used to estimate the band gap of the nanocomposites
(Figure 5(b)). The band gap values of pure ZnO and ZrO2
were evaluated by using n = 2 (direct transitions) and n =
1/2 (indirect transitions), respectively, and their values are
summarized in Table S2 (Supplementary Materials).

For ZnO-ZrO2materials, it can be noticed the presence of
two edges instead of only one; the bandgap was estimated

(a) (b)

Figure 6: FESEM (a) and the corresponding HRTEM (b) micrographs of pure oxides and ZnO-ZrO2 composites.
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using n = 1/2. The obtained value for ZnO was 3.26 eV
(Supplementary Materials, Figure S5) whereas 4.53 and
5.06 eV were calculated for ZrO2 (for the two edges
observed in the corresponding spectrum), these values
changed to 4.73, 4.35, 3.76, and 4.16 eV by the addition of
different contents of ZnO (indicated as I in Figure 5(b)),
being 50ZnO-ZrO2 the one with the lowest value. With
regard to the low-energy shoulder observed in ZnO-ZrO2
spectra (indicated as II in Figure 5(b)), the calculated values
were 3.07, 3.10, 3.15, and 3.16 eV for the composites with
13, 25, 50, and 75% of ZnO, respectively, allowing
nanocomposites to be excited at lower energy.

3.6. Electron Microscopy.Morphology of the nanocomposites
was investigated using electron microscopy, and the images
are shown in Figure 6. We observed that ZnO nanoparticles
are rod-like shaped with sizes ranging from 100 to 300 nm
producing agglomerates. On the other hand, ZrO2 is made
of smaller particles nonuniform in shape and size. In
13ZnO-ZrO2 nanocomposite, we observed that ZnO parti-
cles change in shape whereas some ZrO2 agglomerates grew
up to 1μm but also smaller quasispherical particles around
300nm were observed. The most significant change was
exhibited by 75ZnO-ZrO2 nanocomposite, since agglomer-
ates of particles with smaller sizes were obtained.

3.7. Photocatalytic Test. Previous to the test, adsorption-
desorption equilibrium was reached after stirring the sus-
pensions for 20 minutes in the dark, of which in general
all the composites presented low adsorption of the pollut-
ant. The results of photocatalytic degradation are shown in

Figure 7(a). Here, we observed that pure ZrO2 degraded
only 5% of phenol even after 120min; when ZnO was incor-
porated, a slight increase in photodegradation with 13 and
25% of ZnO was observed, but they barely degraded around
15% of the pollutant. By increasing the ZnO content up to
50% mol, 47% of phenol was degraded, whereas 71% of deg-
radation was achieved using 75ZnO-ZrO2 composite. For the
prepared ZnO, 74% of degradation was obtained during the
same time. The kinetic parameters were also calculated
assuming pseudofirst order kinetics (Table 2) where we
observed that t1/2 for 75ZnO-ZrO2 composite was very close
to that calculated for ZnO.

It is well known that ZnO can be activated under UV-
A light and generally exhibits good photodegradation rates,
but it is also needed to assess the mineralization of the
pollutant. For this purpose, TOC analysis was performed
and the results are tabulated in Figure 7(b). Pure ZrO2
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Figure 7: (a) Degradation curves of phenol by ZnO, ZrO2, and different ZnO-ZrO2 composites (experimental conditions: phenol = 50 ppm,
volume of phenol = 200mL, and catalyst dosage = 200mg). (b) TOC results obtained after 120min of illumination in the UV.

Table 2: Kinetic parameters estimated from pseudofirst order
kinetics.

Photocatalyst k (min−1) R2 t1/2 (min)

ZrO2 0 7 × 10−3 0.9585 1155

13ZnO-ZrO2 1 3 × 10−3 0.9193 533

25ZnO-ZrO2 1 5 × 10−3 0.9808 462

50ZnO-ZrO2 5 3 × 10−3 0.9939 130

75ZnO-ZrO2 10 3 × 10−3 0.9964 67

ZnO 11 2 × 10−3 0.9810 62
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mineralized 2.5% of phenol, but the mineralization
increases with increasing ZnO content, which stabilizes
tetragonal crystalline phases of ZrO2. Although ZnO
reached 74% degradation, the mineralization of the pollut-
ant was 40%, while 51% of mineralization was achieved
with 75ZnOZrO2. Tetragonal ZrO2 has been reported as
the most active polymorph of ZrO2 which also shows high
selectivity in catalytic reactions. These results showed that
at this concentration, ZnO-ZrO2 composite improved the
mineralization of phenol when compared to pure ZnO.
Besides, it was also confirmed that intermediaries like cat-
echol, resorcinol, and hydroquinone were not generated
during the photodegradation with 75ZnO-ZrO2.

According to the obtained results, a schematic represen-
tation of phenol degradation is shown in Figure 8. When
the ZnO-ZrO2 composites were excited by Uv-A irradiation
(365 nm), electrons migrate from the valence band (VB) to
the conduction band (CB) of ZnO, leading to the formation
of electron/hole (e−/h+) pairs. Since the energy levels of
ZnO fit well into the band gap of ZrO2, the electrons from
the CB of ZrO2 can easily be transferred to the CB of ZnO;
conversely, the holes migrate from the VB of ZnO to the
VB of ZrO2, and thereby the electron-hole pair recombina-
tion may be decreased in ZnO-ZrO2 composites. These e−

and h+ react with water and oxygen to produce hydroxyl
(OH⋅) radicals which are very reactive and can easily oxidize

the phenol until obtaining CO2 and water. As a result, we
obtained an enhancement in photocatalytic performance of
phenol degradation by the composite with the highest ZnO
percentage [8, 19, 20, 43].

4. Discussion

It is well known that the catalytic and photocatalytic perfor-
mance of ZrO2 can be affected by crystalline phases.
Although there are some reports on the catalytic activity of
ZnO-ZrO2 materials, deep structural studies have not been
performed so far. The fact that both tetragonal and cubic
phases exhibit similar XRD patterns makes it difficult to dis-
cern these structures based only on X-ray diffraction analysis,
and Rietveld refinement or Raman spectroscopy are good
tools for elucidating this ambiguity. In this work, we observed
that by adding ZnO, only the t-ZrO2 phase was obtained, and
this phenomenon could also be suspected by analyzing
Raman results. In all composites, t-ZrO2 was detected as well
as zincite (wurtzite-type) structure for ZnO. Formation of the
nanocomposite influenced the crystallite size of both ZnO
and ZrO2, increasing for ZnO but decreasing for t-ZrO2 as
a function of the ZnO-ZrO2 ratio. The absence of solid solu-
tion could be explained not only due to the differences in
valence between ions, which depends on the amount of
Zn2+ species [44], but also due to the synthesis procedure

hv = 365 nm
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h+ h+ h+
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Figure 8: Schematic representation of photocatalytic mechanism of electron-hole pair separation of ZnO-ZrO2 composites for the
degradation of phenol.
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here reported. Lattice parameters of the 13ZnOZrO2 nano-
composite are provided in Supplementary Materials. We
observed small changes when compared to pure zirconia; this
can be attributed to the presence of the divalent oxide, since
incorporation of these type of oxides causes lattice deforma-
tion on the crystalline structure of ZrO2, with subsequent
modification on the force constants of Zr–O and related
bonds [33].

Since band gap is one important feature to consider in
photoactivity, many attempts to improve this property have
been made. By coupling ZnO and ZrO2, radiation of low
energy can be absorbed by the ZnO-ZrO2 composites. From
the calculated Eg values, it can be assumed that the energy
levels for both the valence band (VB) and conduction band
(CB) in ZnO fit in with the bandgap of ZrO2. When the elec-
trons are excited, most of the electrons from the conduction
band of ZrO2 can be easily transferred to the conduction
band of ZnO, and thus, the band gap may be decreased, indi-
cating that ZnO-ZrO2 nanoparticles have a suitable band gap
to generate excited electron/hole pairs [17] allowing the use
of simulated solar radiation.

Both oxides, ZnO and ZrO2, are well known for their
photocatalytic properties, but one of their limitations is the
need of UV light for its activation, especially ZrO2 that usu-
ally requires UV radiation due to its wide band gap. Here,
we investigated the effect of ZnO in the photocatalytic perfor-
mance of ZrO2 under simulated solar light. Since the use of
pure ZnO leads to the formation of several compounds dur-
ing the photoreaction, it is remarkable that 75ZnO-ZrO2
nanocomposite conducted to a reaction without formation
of any intermediaries, which represents the main advantage
of using ZnO-ZrO2.

5. Conclusions

So far, ZnO-ZrO2 materials have been reported for several
catalytic reactions with an enhanced performance compared
to their pristine moieties. Recently, this type of composites
has been studied also as photocatalysts with promising
results, but full understanding of their properties related to
their composition are needed. In this work, we prepared
ZnO-ZrO2 composites using zinc (II) acetylacetonate and
zirconium n-butoxide as raw materials. We observed that
synthesis procedure strongly affected the stabilization of zir-
conia polymorphs, where ZnO plays an important role in
inhibiting ZrO2 monoclinic structure and stabilizing tetrago-
nal phase. By coupling ZnO to ZrO2, we observed significant
changes in the absorption behavior of ZrO2 shifting its
absorption edges in the UV region toward lower energies.
The pore distribution of the composite was intensely changed
by the interaction of both oxides, directing to a larger amount
of mesopores than the observed for uncoupled oxides. Test
revealed that 75ZnO-ZrO2 composite exhibited good perfor-
mance in the degradation of phenol using simulated solar
radiation, improved the mineralization reached by pure
ZnO and ZrO2, and inhibited the formation of undesirable
intermediates usually obtained as a result of photocatalytic
degradation of phenol.
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