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Transition-metal oxide (TMO) nanostructures are the focus of current research efforts in
nanotechnology since they are the most common minerals on Earth, and also thanks to their special
shapes, compositions, and chemical and physical properties. They have now been widely used
in the design of energy saving and harvesting devices, such as lithium-ion batteries, fuel cells,
solar cells, and even transistors, light emitting devices (LEDs), hydrogen production by water
photolysis and its storage, water and air purification by degradation of organic/inorganic pollutants,
bio-sensing devices, environmental monitoring by their applications in the fabrication of gas, humidity,
and temperature sensors, and photodetectors. TMOs can overcome the limitation imposed by the
relatively poor properties of standard electrodes, showing high carrier mobility and significantly low
charge recombination rates.

In addition to the great application potentials, TMO-based nanomaterials, such as ZnO and TiO2,
have recently revolutionized nanomaterial research thanks to their outstanding smart properties.
They can be produced in different shapes (such as nanowires, nanobelts, nanorods, nanotubes,
nanocombs, nanorings, nanohelixes/nanosprings, nanocages and nanosheets, and nanostars)
depending on the synthesis routes, resulting in different physicochemical properties.

The present Special Issue covers the most recent advances in ZnO and TiO2 nanostructures,
concerning not only their synthesis and characterization, but also reports of the manner(s) in which
their functional and smart properties can be applied in working devices. Applications of nanosized
ZnO and TiO2 can range widely, from biomedical and drug delivery devices to piezoelectric and
chemical sensors, and energy harvesting, conversion, and storage devices.

Twenty-seven papers compose this issue, with invited contributions and regular original papers,
and both reviews and research articles.

The two first reviews address the application of ZnO nanostructures to chemoresistive sensing
(Rackauskas and coworkers [1], invited contribution) and Surface Enhanced Raman Scattering (by
Yang et al. [2]).

The last two reviews focus on TiO2 nanostructures: Wang et al. [3] describe the engineering of the
surface/interface structures of titanium dioxide micro- and nano-architectures towards environmental
and electrochemical applications while the wet chemical preparation of TiO2-based composites with
different morphologies and their photocatalytic properties are reported by Xiang and Zhao [4].

Several research articles focus on the synthesis and deposition of ZnO and TiO2 nanostructures.
Hsu et al. [5] discuss the effect of process parameters on the sputtering deposition of indium titanium
zinc oxide thin film for transistor fabrication. Shih and Wu [6] investigate the growth mechanism of
ZnO nanowires, providing experimental observation and providing a short-circuit diffusion analysis.
The sol-gel synthesis of ZnO/ZnS heterostructures is discussed by Berbel Manaia et al. [7], focusing
on the critical role of thioacetamide concentration. Chen et al. [8] report on the preparation and

Nanomaterials 2018, 8, 325 1 www.mdpi.com/journal/nanomaterials
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characterization of ZnO nanoparticles supported on amorphous SiO2. Rana and coworkers [9] discuss
how the growth method and process parameters influence the optical, conductive, and physical
properties of solution-grown ZnO nanostructures. Folger and coworkers [10] show how the heat
treatments in different environments allow electronic conductivity to be tuned in hydrothermally
grown rutile TiO2 nanowires. Jin et al. [11] present a simple and novel strategy to obtain TiO2

nanowire networks by titanium substrate corrosion and their application in third generation solar cells.
Berthod et al. [12] show the improvement achieved in the fabrication of periodic TiO2 nanostructures by
colloidal lithography approach. Liang and coworkers [13] describe the synthesis and characterization
of organozinc precursor-derived crystalline ZnO nanoparticles.

Some contributions discuss the photo-induced smart properties of metal-oxide nanostructures:
Hu et al. [14] show how via constructing appropriate heterostructures between mesopore TiO2

nanospheres and Sn3O4 nanoparticles it is possible to enhanced their ultraviolet-visible light
photocatalytic activity. The study of the photodynamic activity of N-doped TiO2 nanoparticles
conjugated with aluminum phthalocyanine is reported by Pan et al. [15] Li and coworkers investigate
the photoelectrochemical water splitting properties of Ti-Ni-Si-O nanostructures grown on Ti-Ni-Si
alloy substrate [16]. The visible light response of mesoporous titania films loaded with silver salts is
reported by Crespo-Monteiro et al. [17] for the degradation of methyl blue.

Other functional properties of ZnO and TiO2 nanostructures are described: the piezoelectric
potential in single-crystalline ZnO nanohelices is studied by finite element analysis by Hao et al. [18]
(invited contribution) while the self-cleaning behavior of a nano-TiO2-coated SiO2 microsphere
composite is reported by Sun et al. [19].

The electrical properties are also analyzed: the memristive response of TiO2 nanoparticle is
investigated by Schmidt et al. [20] while Bruzzi and coworkers [21] report the thermally stimulated
current in nanocrystalline titania.

Other contributions addressed biological issues: Yamamoto et al. [22] show novel results on the
in vitro sonodynamic therapeutic effect of polyion complex micelles incorporating titanium dioxide
nanoparticles. Ancona et al. [23] (invited contribution) report a novel strategy for photodynamic
cancer therapy exploiting lipid-coated ZnO nanoparticles. Zhang and coworkers [24] demonstrate
the duplex bioactivity of titanium-based materials achieved by oxidation and nitrogen implantation.
McCall et al. [25] reported the protective effect of ZnO nanoparticle for RNA, while the interaction of
ZnO surface with biomatrices is discussed by Yu et al. [26].

Finally, Casu et al. [27] (invited contribution) showed how heating anodically grown TiO2

nanotubes in situ in a transmission electron microscope allows for the monitoring of their crystallization
from amorphous to polycrystalline with polymorphs dependent on the selected temperature.

I would like to gratefully acknowledge all the authors for their valuable contributions and
expertise, as well as the reviewers for their comments and suggestions and the assistant editors for the
constant support: all have contributed to the success of this special issue.

Hoping that the special issue contents provide an actual overview of the TiO2 and ZnO
nanostructures synthesis and applications, even if not exhaustive of this huge research field, I wish
you a good reading.
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Abstract: This article provides an overview of the recent development of ZnO nanowires (NWs) for
chemoresistive sensing. Working mechanisms of chemoresistive sensors are unified for gas, ultraviolet
(UV) and bio sensor types: single nanowire and nanowire junction sensors are described, giving
the overview for a simple sensor manufacture by multiple nanowire junctions. ZnO NW surface
functionalization is discussed, and how this effects the sensing is explained. Further, novel approaches
for sensing, using ZnO NW functionalization with other materials such as metal nanoparticles
or heterojunctions, are explained, and limiting factors and possible improvements are discussed.
The review concludes with the insights and recommendations for the future improvement of the ZnO
NW chemoresistive sensing.

Keywords: ZnO; nanowire; sensors; chemoresistive; biosensing

1. Introduction

ZnO nanowires (NWs) have attracted a great deal of interest due to their exceptional
properties. ZnO NWs, because of their biocompatibility, piezoelectricity, and optoelectronic properties,
are applicable for various electronic, photonic, biological, and energy related applications [1–3].
The most attractive semiconducting properties of ZnO are wide bandgap (3.37 eV), exciton binding
energy (60 meV), high refractive index which is higher than 2 and also many other features of
ZnO, including manufacturing techniques for high surface area, feasibility for wet chemical etching,
structural stability and resistance to high-energy radiation. Moreover, ZnO has a tendency to form
numerous nanostructures, because of the several fast grow directions available, which brings a diversity
of methods for ZnO nanostructure synthesis, including by low-cost and low-temperature techniques.
The potential is seen for application ultraviolet lasers [4], photodetectors [5], dye-sensitized solar
cells [6,7], light-emitting diodes [8], and biomedical applications [9].

The names of ZnO nanomaterials such as nanowires [10] nanorods [11] or nanobelts [12] are
used to characterize the shape of the obtained 1D material. ZnO NWs could be also grown in more
sophisticated forms such as nanoforests [13], tetrapods [14–17], hierarchical nanowires [18], and many
others [19–21] by simply controlling the crystal grow direction. ZnO nanowires are mostly grown by
hydrothermal [22,23] or vapor transport methods [24,25]. A direct growth of ZnO NW on Zn metal
is also attractive for its simplicity [26,27]. The variety of growth methods and availability of ZnO
nanostructures gives a certain freedom to optimize ZnO NW sensors for the best surface reactivity
and sensitivity.

ZnO NW application for sensing shows multiple advantages; especially interesting is a high
surface ratio which provides an enhancement of the surface effects. Moreover, ZnO NWs are single
crystals with a well-defined lattice, guiding to controlled reactions and providing stability. Comparing
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to polycrystalline structures, ZnO NW response is typically faster due to the reaction on the NW
surface and no need for inter-grain diffusion.

For the purpose of higher sensitivity and selectivity, ZnO NW sensor surface can be further
modified or alternatively heterojunctions with other materials can be formed. Other forms
of modification are NW morphology with the contact types or developing ZnO NW hybrid
structures. Moreover, ZnO NW sensors can bring new functionalities with their flexible or
stretchable configuration.

2. ZnO Nanowire Sensors

The main principle of sensing is to get a measurable response (mostly electrical) from the
added substance. High sensitivity (response to extremely small amounts), selectivity (ability to
differentiate between various substances) and linearity (response is linear amount of substance
measured, or response can be described by other simple law) are the main parameters for efficient
sensors. Additionally, there are practical requirements such as stability, simplicity of manufacture and
measurement, low cost, biocompatibility and many others, which depend on the application field.

Recently, sensors which work on the change of electrical parameters (chemoresistive,
electrochemical, bio-electrochemical) have drawn much attention, due to their multiple advantages,
such as simple measurement and manufacturing, low cost, diverse functionalization possibilities just
to name few. This class of sensors, employing ZnO as a base material, will be covered in this review.

In a broad sense, ZnO NW resistive sensors for UV, gas and bio sensing have the same working
principle: sensor response is related to the charge accumulated or transferred to NW. The working
principle can be explained from the oxygen adsorption and desorption from the surface in gas
sensors [28]. The mechanism is also attributed to CuO [29], SnO2 [16,30] and other metal oxides [31].

Most ZnO NW sensors are n-type semiconductors, since ZnO is an intrinsically stable
electron-dominated conductor [32]; it is challenging to incorporate acceptors for stable conduction
properties, therefore p-type ZnO NWs are rare [33]. Considering the n-type case, when ZnO NWs are
exposed to atmosphere, oxygen adsorbs on the surface and becomes negatively charged (O−, O2−,
or O2

−) and extracts electrons from ZnO. The surface region that loses electrons is defined as the
surface charge depletion layer (Figure 1). The depletion layer controls the effective conduction channel
and increases the energy barrier height of the contact to NW or NW-NW junctions. When exposed to
reducing gas, such as H2S, CO, and NH3, adsorbed O2 reacts with these gases and releases electrons
back to the ZnO, which increases the electrical conductivity. As the depletion layer thickness is related
to the oxygen coverage, the presence of reducing gas can diminish the thickness of the depletion layer,
which increases the overall conductivity of the ZnO NWs. In the same manner, the oxidizing gases
such as NO2 and O3 generally decrease conductance by extracting more electrons from the surface
and increasing the depletion layer width [28,34]. Similarly, as in gas sensors, UV sensor response is
associated with the depletion layer width. Illuminating ZnO NW with a wavelength, higher than the
bandgap, photogenerated holes combine with the negative O2 ions, inducing desorption and increasing
the conductivity. In biosensors, typically the ZnO NW surface is covered with a material (e.g., enzyme)
which attaches the targeted substance from the analyte; consequently, charge is transferred to ZnO
NW, changing its depletion layer width. However, in the case of biosensors, attention is paid to the
immobilization of biomolecules on the surface, as is described in Section 2.2.
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Figure 1. Schematics of unified ZnO nanowire (NW) chemoresistive sensing principle, based on the
depletion layer width change with absorption-desorption of oxygen.

According to the device structure and working principle, nanowire sensors can be divided into
two types: single nanowire connection and nanowire-nanowire junctions (Figure 2). Single connection
devices rely on the response of a single NW, deposited or aligned between two metal contacts.
Ohmic contacts are mostly used to contact ZnO NW; however, it is also possible to make Schottky
contacts (e.g., contacting with Pt) in order to obtain a rectifying character or conduction [35]. However,
most of research is done with NW-NW junction type of contacts, which is used not only because of
the ease of sensor manufacture, but also due to the ability to control the barrier height. NW-NW
junction sensors are typically more sensitive to small concentration changes, and have high rates
of response as the conduction path involves tunneling through the depletion layer (Figure 2) [15];
however, in principle, single NW sensors can cover higher concentration ranges. Moreover, NW-NW
junction integration into gas sensing devices is much more simple, as it relies on the randomly built
conduction path between multiple NWs [15], whereas for the single NW sensors at least some degree
of orientation is needed, wherefore ability to manipulate the NW or contacts is preferred [36].

 

(a) (b) 

Figure 2. Schematics of ZnO NW sensor geometry types: (a) single NW; (b) NW-NW junction.

Selectivity is another important feature of the ZnO NW sensors, which is connected to the
ability of the sensor to discriminate among different types of chemical species. While, in biosensors,
different analytes can be targeted with a special biomolecule, it is an especially difficult task to
differentiate among the same type of gases (oxidizing or reducing), since depletion layer width
change and consequently response will be in the same direction. Selective recognition of the gases
can be addressed by variations in chemical adsorption and dissociation of the target gases at the
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NW surface; therefore, NW sensor selectivity can be approached by several methods: NW geometry
control [36,37], NW functionalization [38,39], selective contact formation [40], heterojunction [41],
operating temperature modulation [42], and sensor array formation [43].

2.1. ZnO NW Heterojunction

Heterojunction formation on ZnO NW, or simply a junction with other material, is mainly
targeted to improve response and selectivity. A common choice for heterojunction is the use of metal
oxides such as SnO2, because of high sensitivity. It was shown that ZnO NWs uniformly covered
with the outer layer of n-type SnO2 nanoparticles [41] considerably improved the sensor response.
Comparison of the gas sensor performance between SnO2, ZnO NW and the formed SnO2/ZnO
NW heterojunction showed that, after functionalization, SnO2/ZnO NW sensor was responding at a
high rate, selectivity and repeatability to n-butylamine gas was good, and therefore it can be applied
for organic amine sensors. Another study used SnO2 NWs growth on ZnO NW for volatile organic
compound sensing [44]. Advantageous sensor performance comparing to the pure ZnO NWs was
explained by potential barriers, which were forming at the SnO2/ZnO. Moreover, the geometry of SnO2

nanowires affects the selectivity of triethylamine, toluene, ethanol, acetic acid, acetone, and methanol,
allowing ZnO/SnO2 heterostructures to discriminate acetone from other volatile compounds.

Another option is to use ZnO NW heterojunction with p-type materials, forming local p-n
junctions. Park et al. studied ZnO NW junction with CuO NW, by growing long crystalline nanowires
and forming air-bridge-structured junction [45]. It was shown that formation of nanoscale p-n
junctions lowers sensor conductance by two orders of magnitude (Figure 3). The current-voltage
I-V characteristics of both ZnO NW and CuO NW contacts were symmetric, while ZnO/CuO NW
heterocontacts were asymmetric, which indicate the built-in potential established near the p-n junction.
P-type material plays the role of catalyst and expands the adjacent electron depletion layer of ZnO
NWs. However, sensitivity toward H2, CO and NO2 gases was lower of such p-n heterocontacts than
n-n contact between ZnO NWs.

 

Figure 3. Comparison of contacts between ZnO and CuO NWs: (a) current-voltage (I-V) curves
obtained at room temperature, demonstrating the characteristic nonlinear Schottky-like transport
behavior; (b) Energy band diagram for every interconnection type between NWs. Reproduced with
permission from [45]. Copyright American Chemical Society, 2013.

Zhang et al. reported an increased sensitivity of ZnO NW with co-precipitated p-type CuO
flower-type structure for ethanol vapor sensors [46]. The ZnO/uO heterojunction demonstrates
2.5 times higher ethanol response at 300 ◦C compared to ZnO NWs without CuO. Good selectivity,
long-term stability and also response and recovery time of 7 and 9 s, respectively, were demonstrated.
The improved ethanol response was also due to a widening of depletion layer on the
ZnO/CuO interface.
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In order to make a p-n heterojunction with ZnO NWs it is also possible to use other p type metal
oxides, such as NiO [47,48], Cr2O3 [49,50], Mn3O4 [51] or modify with p-typematerials, such as cobalt
phthalocyanine (CoPc) [52].

UV sensor performance can also be enhanced applying ZnO NW heterojunctions with p type
oxides such as CuO [53] or NiO [54]. Ultrafast response to UV in μs range was obtained at ZnO NW
contact with p-Si [55], which was explained by pyro-phototronic effect [56]. The pyro-phototronic
results are from three elements: pyroelectric effect, photonic excitations, and semiconductor properties,
the coupling of which paves a way to reach ultrafast photosensing performance with optoelectronic
processes. Moreover, the response time of ZnO NW UV sensors decreases with increasing illumination
intensity; thus, this could be potentially applied for ultrafast detection of intensive light.

Another interesting option is to decorate ZnO with noble metal particles. Metal nanoparticles can
be employed to improve optical absorbance or emission in semiconductors, due to a high plasmon
interaction with electromagnetic fields. ZnO NW gas sensing of ethanol can be improved by adding
noble metallic nanoparticles, for example Au, Pt [57] or Ag [58]. Alternatively, a selective Pd contact
with ZnO NWs [40] can be used for various gases such as H2, CH4, H2S and CO2 at different operating
temperatures, where high efficiency in hydrogen detection was reported. Moreover, Pt contacted ZnO
NW networks can be used as self-powered UV sensors, since excellent photoresponse properties to
365 nm UV irradiation was obtained at zero bias [31].

Combination of UV and Gas Sensing in ZnO NW

The high operating temperatures (typically about 350 ◦C) are essential for gas detection and
sensing, which is a major technical limitation in applicability. Moreover, adsorption of water on
the ZnO surface leads to a decrease in surface potential, at relative humidity higher than 14% due
to adsorbed water molecules increasing the surface electron density [59]. Irradiation of ZnO by
photons with an energy greater than the band gap (3.37 eV) changes adsorbed oxygen species on
the surface, which is a practical alternative for achieving chemical reactions without the necessary
heating. However, the UV activation shows an order of magnitude lower sensitivity compared to
the same sensors activated by traditional heating methods [60]. UV activation, in order to increase
the response, is used for ZnO films [59,61] and also for other materials [62,63]. A transparent ZnO
NW sensor, which detects both UV and ethanol gas, was fabricated and deposited onto a silicon solar
cell [64]. In UV sensing, the current rise was obtained in 137 s. In ethanol vapor detection, UV was
used for sensitivity improvement. The ZnO NW sensor response increased by 13% with an ethanol gas
concentration change of 100 ppm at 53 ◦C (heat generated by the c-Si solar cell). The sensor response is
approximately zero without solar illumination.

Combining the response to chemical substance with a UV illumination, it is possible to get a
synergy of these two effects and an increase of the performance of ZnO NW sensors (Figure 4); however,
there are still only some studies on the combination of more than two effects on the performance of
NW sensors. Synergistic effects of Cr2O3 functionalized ZnO NW sensor with UV irradiation were
demonstrated for the ethanol gas sensing [65]. The responses at room temperature to ethanol were
increased by UV illumination by 3.8 times for the pristine and by 7.7 times for Cr2O3 functionalized
ZnO NW sensors. Moreover, the Cr2O3 modified ZnO NW sensor demonstrated rapid response and
recovery; moreover, selectivity was also increased. This shows that combining heterostructures with
UV activation has a synergistic effect on sensor performance. The synergistic effects arise from the
Cr2O3 catalytic oxidation of ethanol and also from conduction channel width change due to Cr2O3

nanoparticle effect on ethanol adsorption and desorption under UV illumination in the Cr2O3 modified
ZnO NW sensor.

9



Nanomaterials 2017, 7, 381

Figure 4. Schematic diagrams: (a) pristine ZnO NW; (b) Cr2O3-modified ZnO NW in the dark
and under UV illumination in air and ethanol showing the depletion layer and conduction path.
Reproduced with permission from [65]. Copyright American Chemical Society, 2016.

Similarly, gold-decorated ZnO thin films showed improved sensing properties compared to bare
ZnO under UV illumination. The sensor showed a selective response to NO2 gas under green light
illumination. Moreover, Au/ZnO sensor can detect SO2 gas in ppm level in humid conditions [66].

2.2. ZnO Nanowire Biosensors

We can identify three generations of biosensors [67]. In the first generation (Figure 5a), an electrical
response is generated by the diffusion of the reaction products to the transducer. In the second
generation (Figure 5b), instead, an initial redox reaction is performed by a mediator between the
enzyme and its substrate. The enzyme and mediator are usually co-immobilized at an electrode surface
in the third-generation of biosensors (Figure 5c); in this way, the biorecognition component is an
integral part of the electrode transducer [68].

Figure 5. Schematic diagrams of three generations of sensors: (a) 1st generation; (b) 2nd generation
and (c) 3rd generation [69].
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Electronic devices based on semiconductor NW have emerged as a potential platform for the
qualitative and quantitative detection of chemical and biological species due to their ultralow detection
limit, fast readout and easy fabrication [70].

In particular, ZnO possesses a series of properties and characteristics (high electron mobility,
easiness of fabrication of ZnO, biocompatibility and low toxicity) that makes it a nice candidate for the
construction of biosensors [71]. In particular, ZnO NWs, due to their low weight with extraordinary
mechanical, electrical, thermal and multifunctional properties along with their high surface area,
are suitable for adsorption or immobilization of various biomolecules such as proteins, enzymes or
antibodies [9]. ZnO nanowires possess active surfaces that can be modified for the immobilization
of a large number of biomolecules. These nanostructures can be perfect transducers for producing
signals to interface with macroscopic instruments since they present diameters which are comparable
to the sizes of the biological and chemical species being sensed [72]. Based on the specific feature of
NW, biosensors may even go down to a single molecule detection [73].

Qualitative and quantitative detection of chemical and biological species is crucial in a huge
variety of fields. If the literature on biosensors based on ZnO nanomaterials is quite rich, relatively
few examples are focused on ZnO nanowires. Below, we will briefly summarize some recent findings
reporting biosensors based on ZnO nanowires.

2.2.1. Urea Biosensors

The importance of urea measurements in blood and serum is important for a certain number of
diseases. ZnO nanomaterials comprising nanorods and nanowires have been used for the fabrication
of urea biosensors [9]. Well-aligned ZnO NW arrays were fabricated on gold-coated plastic substrates
by using a low-temperature aqueous chemical growth (ACG) method and were proved to be sensitive
to urea detection at a concentration from 0.1 to 100 mM [74]. Urease was immobilized on the surface of
the ZnO NWs using an electrostatic process. More recently, high quality ZnO NWs, synthesized by the
chemical vapor deposition (CVD) method, were used for the fabrication of electrical biosensors based
on field effect transistor (FET) for the simultaneously low and high concentrations detection of uric
acid [73]. The obtained ZnO NW bioFET sensors could easily detect uric acid down to a concentration
of 1 pM with 14.7 nS of conductance increase, and the response time turns out to be in the order
of milliseconds.

2.2.2. Glucose Biosensors

Glucose is a critical metabolite for living organisms, particularly for patients who are suffering
from diabetes, and glucose sensors attracted a huge amount of interest being one of the most important
sensing technologies in medical science, clinical diagnostics, and food industry [75].

High-density vertical ZnO NWs were synthesized using the vapor-phase deposition method on
patterned Au/glass electrode substrate with and without Au nanoparticle (NP) modification. A huge
enhancement of the sensitivity toward glucose was obtained with Au NP modification [76]. A similar
approach has been followed for the fabrication of high density, well-aligned ZnO NWs decorated
with Pt nanoparticles to fabricate the working electrode for a non-enzymatic glucose biosensor [77].
ZnO NWs were synthesized hydrothermally on a glass substrate. The Pt NPs decoration allowed
to enhance the biosensor’s glucose sensitivity 10-fold in comparison with the pristine ZnO NWs
electrode. The large specific surface area, abundant microspace, small channels, and high isoelectric
point (IEP) fracture of ZnO enable effective fluid circulation and good biocompatibility boding well for
immobilization of enzymes. These characteristics were exploited for the immobilization of glucose
oxidase on a glucose enzymatic biosensor composed of ZnO NWs supported by silicon NWs (ZnO/Si
NWs) [78]. A Si NWs/ZnO nanowire nanocomposites enzymatic biosensor exhibited very strong
and sensitive amperometric responses to glucose, even in the presence of common interfering species,
and showed a high sensitivity of 129 μA·mM−1, low detection limit of 12 μM, and good stability
as well as reproducibility. Very recently, a roll-to-roll flexographic printing technique was used for
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the fabrication of a three electrode electrochemical enzymatic biosensor consisting of ZnO NWs [79].
This biosensor device showed a typical sensitivity of 1.2 ± 0.2 μA·mM−1·cm−2 with a linear response
to the addition of glucose over a concentration range of 0.1 to 3.6 mM.

2.2.3. DNA Detection

Nanomaterials can provide good opportunities for sequence-specific target DNA detection as
a medium for signal amplification. The possibility of using ZnO NWs to fabricate electrochemical
DNA biosensors was explored some years ago. In order to improve the sensitivity, multi-walled
carbon nanotubes (MWCNTs) and gold nanoparticles (Au NPs) were employed. The resulting device
was able to quantitatively detect target DNA from 1.0 × 10−7 to 1.0 × 10−13 M with a detection
limit of 3.5 × 10−14 M [80]. Another ZnO NWs/Au electrode showed to be a suitable platform
for the immobilization of DNA for the rapid detection of a sequence specific for the breast cancer
1 (BRCA1) gene [81]. This DNA biosensor has the ability to detect the target sequence in the range
of concentration between 10.0 and 100.0 μM with a detection limit of 3.32 μM. A further sensitive and in
situ selective label-free DNA sensor, based on a Schottky contacted ZnO NW device, has been fabricated.
The performance of this device was significantly enhanced by the presence of piezotronic effect [82].

3. Conclusions

There is a growing interest in ZnO NW application for sensing due to their high temperature
stability, biocompatibility, simple synthesis route and sensor manufacture. In this review, we have
summarized recent strategies to enhance ZnO NW sensor performance. Several conclusions could be
made with the proposal for future trends:

• Many synthetic routes for ZnO NWs are already found, and different ZnO NW structures can
be obtained by varying growth conditions. Decoration with metal particles is easily achieved;
however, there is still a lack of comparative studies where the sensor performance is related not
to the synthesis conditions but to the morphology of the sensor, namely the size of a conductive
channel and how it is influenced by absorbed material.

• Heterojunction brings another possibility for the improvement of the sensing which can be
achieved with comparingly facile fabrication techniques. Junctions with other p or n materials
can be made with controlled surface coverage and thickness; still, there is a need to optimize ZnO
NW interface with other materials in order to obtain high efficiency sensing.

• Using UV activation for bio and chemoresistive sensors shows considerable improvement
in sensing. However, there is still a lack of understanding for the interplay of several
effects (UV, temperature, oxygen adsorption, etc.), especially at the junctions of NW to NW
or p-n junctions.

• The unique properties of ZnO NWs, simple fabrication and the possibility for suitable surface
functionalization of the NWs make them exemplar as biosensor materials for a great variety
of applications.

• The devices can be fabricated by roll-to-roll printing, which is suitable for low-cost high-volume
production and a spread of large-scale commercialization of the biosensors.
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Abstract: Since the initial discovery of surface-enhanced Raman scattering (SERS) in the 1970s, it has
exhibited a huge potential application in many fields due to its outstanding advantages. Since the
ultra-sensitive noble metallic nanostructures have increasingly exposed themselves as having some
problems during application, semiconductors have been gradually exploited as one of the critical
SERS substrate materials due to their distinctive advantages when compared with noble metals.
ZnO is one of the most representative metallic oxide semiconductors with an abundant reserve,
various and cost-effective fabrication techniques, as well as special physical and chemical properties.
Thanks to the varied morphologies, size-dependent exciton, good chemical stability, a tunable band
gap, carrier concentration, and stoichiometry, ZnO nanostructures have the potential to be exploited
as SERS substrates. Moreover, other distinctive properties possessed by ZnO such as biocompatibility,
photocatcalysis and self-cleaning, and gas- and chemo-sensitivity can be synergistically integrated
and exerted with SERS activity to realize the multifunctional potential of ZnO substrates. In this
review, we discuss the inevitable development trend of exploiting the potential semiconductor ZnO
as a SERS substrate. After clarifying the root cause of the great disparity between the enhancement
factor (EF) of noble metals and that of ZnO nanostructures, two specific methods are put forward to
improve the SERS activity of ZnO, namely: elemental doping and combination of ZnO with noble
metals. Then, we introduce a distinctive advantage of ZnO as SERS substrate and illustrate the
necessity of reporting a meaningful average EF. We also summarize some fabrication methods for
ZnO nanostructures with varied dimensions (0–3 dimensions). Finally, we present an overview of
ZnO nanostructures for the versatile SERS application.

Keywords: ZnO nanostructures; SERS; versatile substrates; preparation methods; meaningful
averaged EFs

1. Introduction

Surface-enhanced Raman scattering (SERS) has attracted great interest as a real-time surface
analysis technique with many advantages [1–3] such as ultra-sensitivity, non-destructivity,
“fingerprint” ability, and low requirement for samples. It was first observed by Fleishman [4] in
1974 when his research group found that the Raman signal of pyridine on rough Ag electrode was
abnormally enhanced by 105–106. In 1977, the SERS phenomenon was first disclosed by Albrecht [5]
and Jeanmaire [6]. Subsequently, scientists from various disciplines began to study the nature and
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mechanism of SERS and further implement its application. Until now, many achievements have been
made and SERS has been successfully applied in many domains, including biomolecule [7,8] and
pesticide detection [9–11], molecule imaging [12], identification of cancer cells [13], dynamic study of
catalytic reactions [14,15], terrorist threat detection [16,17], food safety [18], etc. A prerequisite for SERS
to come into play is the choice, design, and preparation of the substrate materials. The SERS activities
of substrates are usually evaluated by an important parameter called the enhancement factor (EF).

The earliest developed and the most widely used SERS substrate materials are noble metallic
nanostructures (Au, Ag, Cu) [19,20]. They have a unique superiority as SERS substrates, namely their
ultra-high SERS sensitivity with a maximal EF of 1014–1015; thus, they can even be used for
single-molecule detection [21–25]. Nevertheless, their disadvantages, such as difficulties in fabricating
highly-uniform nanostructures at low cost [26], instability problems including easy aggregation and
oxidation during application [27], as well as a limited number of noble metals with excellent SERS
activity have hindered the development and wide application of these noble metal substrates.

After being confirmed to have SERS activity themselves [28,29], semiconductors [30–32] are
gradually being exploited as promising candidates for SERS substrates owing to their outstanding
advantages [33–35] such as abundant active substrates, diverse and mature synthetic techniques
at low cost, controllable band structure and photoelectrical properties, and high chemical stability
and biocompatibility when compared with noble metals. Additionally, synergistic collaboration
between SERS and other properties ranging from photocatalysis [36], magnetism [37], to gas-, bio-,
and chemo-sensing [38,39] can be realized in semiconductors.

It is well known that ZnO is a wide band gap (~3.3 eV) metallic oxide semiconductor with distinctive
physical, chemical, and photoelectric properties [40–42]. At the same time, ZnO nanomaterials can
be grown into numerous morphologies, including nanospheres, nanowires, nanorods, nanoneedles,
nanocones, nanobelts, nanocombs, nanorings, nanosprings, and nanocages [42–44]. It is one of
the most common and versatile semiconductors, with a wide and critical application in many
fields, such as photocatalysis, lithium-ion batteries, dye sensitized solar cells, sensing devices,
functional ceramics, and light emitting devices [45–49]. With the development of SERS substrates
from noble metals to semiconductor nanomaterials, ZnO nanostructures have tremendous potential to
be exploited as active SERS substrates for the following reasons. Firstly, high-refractive-index ZnO
has the ability to confine the light to enhance the SERS effect [50]. Secondly, abundant available
morphologies of ZnO nanostructures are in favor of the combination with noble metals to improve
the SERS activity. Additionally, the material’s many advantages, including bio-compatibility,
tunable photoelectric properties, high chemical stability, superhydrophobicity, and photocatalytic
self-cleaning effect [40,51,52] can be coordinated with the SERS effect on the ZnO nanostructure
substrate to achieve versatility and multifunctionality.

However, an inferior EF (10–103) is a fatal weakness of the pure ZnO nanomaterials, and has
become a bottleneck in the development of semiconductor ZnO as an active SERS substrate. A top
priority task is to find the root cause of the great disparity between the EF of noble metals and that
of semiconductors. Two types of SERS enhancement mechanisms [53,54]—electromagnetic (EM)
and chemical (CM)—have been studied, and although there are difficulties in clearly quantifying
the specific contribution of EM and CM mechanisms to the EF [55], it has been revealed that EM
can contribute 10–11 orders of magnitude to the EF of noble metals under special circumstances (i.e.,
“hot spots”), and another 103 of EF comes from the CM [56,57]. With regard to semiconductors, the SERS
enhancement is dominated by the CM, which usually has a value of 10–103 [58,59]. After clarifying
the primary cause of the weak enhancement of semiconductor substrates, two specific methods have
been put forward to improve the SERS activity of semiconductor ZnO nanostructures, which are heavy
elemental doping and combination of ZnO with noble metals.

19



Nanomaterials 2017, 7, 398

2. Improved SERS Activity of ZnO Nanostructures: Theoretical Basis and Improved Methods

2.1. Theoretical Basis

EM and CM are two types of important enhancement mechanisms used to explain the SERS
phenomenon on noble metals and semiconductors; thus, the SERS activity of semiconductor ZnO can
be improved in two different ways: improving the electromagnetic enhancement, and improving the
chemical enhancement. In order to make a great breakthrough in elevating the EF of semiconductor
ZnO, efforts should be concentrated on improving the electromagnetic enhancement due to the
enormous gap between the contributions of EM to noble metals (up to 1011) and semiconductors
(little). Further, some progress should also be made in chemical enhancement due to its non-negligible
contributions to the Raman enhancement.

2.1.1. Theoretical Basis for Improving the Electromagnetic Enhancement of Semiconductor ZnO

Here a pivotal issue should be raised: why is the electromagnetic enhancement of noble metals
much larger than that of semiconductors? The local surface plasmon resonance (LSPR) [60] and
“hot spots” effect in metallic nanoparticles may give the answers.

It is well known that the EM is the result of an enhanced local electric field generated by the
collective resonance of surface plasmons in metallic nanoparticles under the irradiation of an incident
laser. LSPR can occur in noble metal nanoparticles for the reason that the LSPR bands of noble metal
nanoparticles are usually located in the visible (VIS) spectral region, which is the prerequisite for
strongly absorbing the incident light by metallic nanoparticles. For semiconductors, the LSPR peak
of the conduction band is normally centered in the near-infrared (NIR) spectral region due to the
low electron density, while the LSPR peak of the valence band is approximately in the ultraviolet
(UV) spectral region because of the high electron density (1022–1024 cm−3) [61,62], and consequently
plasmons in semiconductors have scarcely any contribution to the EM effect, which is dominated by
the LSPR under the visible light. Thus, the electromagnetic enhancement of semiconductors is far
inferior to that of noble metals.

Additionally, when the gap between the metallic nanoparticles has a close spacing (less than
10 nm), the local electric field in these narrow junctions can get huge enhancement due to the coupling
plasma resonance effect under the incident laser. These spots with an enhanced electric field are referred
to as “hot spots” [63]. The comparative rarity of these “hot spots” notwithstanding, their remarkable
contributions to the Raman enhancement can reach 10–11 orders of magnitude. The “hot spots” effect
is usually achieved at the tips and corners on the rugged surface of noble metal nanostructures [64].
In conclusion, both the LSPR and the “hot spots” effect result in a remarkable Raman enhancement on
noble metal substrates.

Through analysis of the aforementioned issue, an alternative solution is proposed to introduce
electromagnetic enhancement into the semiconductor ZnO by means of tuning the LSPR peak location
of semiconductor ZnO nanostructures near to the VIS spectral region and effectively creating “hot spots”
in ZnO nanostructures.

Fortunately, the concrete influence of the free carrier density and nanosphere diameter, along with
the number of free carriers per quantum dot (QD) on the LSPR frequency has been presented by Joseph
M. Luther et al. in Figure 1 [65]. The LSPR frequency of semiconductors is primarily controlled by
the free electron density. It can be conceived that the unified LSPR peak of ZnO nanostructures can
be shifted to the NIR and even VIS spectral region when the free carrier concentration reaches up
to 1021–1023 cm−3. It deserves the expectation that the EM can be introduced into semiconductors
to improve the SERS activity by regulating the LSPR frequency with the doping level. The LSPR
frequency can be calculated according to the equation:

ωp =

(
Nhe2

ε0mh

)1/2

(1)
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where ωp is the LSPR frequency and ε0 is the vacuum permittivity, Nh is the density of free carriers
(holes), mh is the hole effective mass, approximated as 0.8 m0, where m0 is the electron mass.

The Drude model [66] has been used by Xiangchao Ma et al. [67] to derive the critical carrier
concentration required to make the real part of the permittivity of ZnO negative at 1000 nm according
to the following equation:

n >
ε0m∗

e2 εb

(
ω2

c + γ2
)

(2)

where n is the critical concentration, ε0 is the permittivity of free space, e is the electron charge,
m∗ is the carrier effective mass, εb is the background permittivity which describes the polarization
response of the core electrons, ωc is chosen to be corresponding to the wavelength of 1000 nm which is
relevant to photocatalysis and γ is approximated to be γ = e

μm∗ ; here, μ is the carrier mobility. For the

semiconductor ZnO, the critical carrier concentration is calculated as being 1.62 × 1021 cm−3.

 

Figure 1. Local surface plasmon resonance (LSPR) frequency dependence on the free electron density
for semiconductors, and number of free carriers per quantum dot (QD) required for nanosphere
diameter ranging from 2 to 12 nm to achieve a free carrier density between 1017 and 1023 cm−3.
Reproduced with permission from [65]. Copyright Nature Publishing Group, 2011.

The effective creation of “hot spots” has as a means of enhancing Raman scattering, and then
concerns should be paid to how to create “hot spots” on ZnO nanostructures. “Hot spots” on
noble metals are usually located at the tips and corners, which can provide guidance for the
morphology and structural optimization of ZnO nanomaterials. Randomly oriented rather than aligned
nanowires (NWs), closely branched nanostructures instead of flat plate structure, and analogous ZnO
nanostructures may generate more “hot spots” regions. Muhammad A. Khan et al. [50] have compared
the SERS activity of randomly oriented ZnO NWs with partially aligned ZnO NWs to determine the
contribution from the cross-junctions between nanowires. They found that the close coupling between
these high-refractive-index ZnO NWs indeed improved the SERS activity.

At the same time, the relatively larger resolution limit of the conventional fabrication techniques
compared to “hot spots” for metal nanomaterials, the easy aggregation among metallic nanoparticles,
and the highly-uniform “hot spots” distribution are key challenges when creating “hot spots” between
junctions of noble metals. Particular ZnO nanostructures can solve these problems to a certain extent
thanks to their easily available steady nanostructures with crossings and junctions as well as their
large plasmon-active surface to deposit and anchor noble metals. The branched ZnO nanostructures
could be the backbone for the metallic nanoparticles and “hot spots”. For example, the close-coupling
between the high-refractive-index ZnO nanowires can not only “trap” the incident light, but can also
load metallic nanoparticles to create “hot spots” between these close metallic nanoparticles on the
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same or adjacent ZnO nanostructures. Muhammad A. Khan’s group [50] also deposited Au film on
randomly oriented ZnO NWs, and the thickness of the Au film was confirmed to be vital to the Raman
enhancement. They found that the moderate thickness—which was conducive to mutual surface
plasmon interaction—can produce the strongest Raman enhancement due to the most appropriate gap
to generate “hot spots” among the Au islands.

2.1.2. Theoretical Basis for Improving Chemical Enhancement of Semiconductor ZnO

There is only a small difference between the contributions of the CM to noble metals and
semiconductors, while its contributions to Raman enhancement cannot be neglected. It is considered
that the CM is related to the interaction between molecules and substrates, and is dominated by the
photo-induced charge transfer (PICT), which is thermodynamically permitted under the incident
light excitation when the highest unoccupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the molecules match with the conduction band and valence band of the
semiconductors [68–70]. The CM cannot work if the incident laser does not have enough energy or if
there is little interaction between the molecules and the substrate. Thus, the CM cannot take effect
unless there is a laser with enough energy and a large active surface of ZnO nanostructures to adsorb
the analyte.

When the size of the semiconductors becomes comparable to the size of the exciton Bohr
radius, the exciton resonance cannot be ignored. The quantum confinement effect [71] can split
the exciton levels and make the SERS spectra strongly depend on the size of semiconductor substrates.
Compared with the noble metal, the quantum confinement effect of the semiconductor can elevate the
EF by 10 [72]. Thus, a suitable size can improve the SERS activity of semiconductors to some extent via
the quantum confinement effect. For ZnO nanostructures, the reported exciton Bohr radius are all less
than 2.5 nm [73]. Nevertheless, the size effect does not work when the size of the ZnO nanostructures
is much larger than the Bohr radius.

2.2. Improvement Methods

Based on the theoretical analysis about the source of the huge gap between Raman enhancements
of noble metals and semiconductors, two specific methods have been put forward to improve the SERS
activity of semiconductor ZnO nanostructures, namely: heavy elemental doping and combination of
ZnO nanomaterials with noble metals. Further, morphology, structure, and size optimizations are also
important to improve the SERS activity of ZnO nanostructure substrates.

For heavy-doped ZnO nanostructures, the heavy doping degree is difficult to reach, and a giant
free carrier density of 1023 is scarcely possible to obtain. Mg, Co, H, and some other elements have
been doped into ZnO nanostructures, and the SERS activity can be improved to a limited degree.
Certainly, it is also helpful to tune the LSPR peak location to the VIS region by decreasing QD sizes
and increasing QD numbers according to the Figure 1.

With regard to another improvement method, there are three advantages to the use of noble
metal/ZnO composite nanostructures as SERS substrates. Firstly, the excellent SERS activity of noble
metal can help to improve the Raman enhancement of composite substrates by introducing the EM and
“hot spots” effect into the ZnO nanostructures. Secondly, SERS activity can be combined with other
properties of semiconductor ZnO to achieve the multifunctionality of composite substrates. Thirdly,
noble metal/ZnO composite substrates can be more environmentally benign and chemically stable
than noble metal substrates.

For noble metal/ZnO composite substrates, many detailed parameters can influence the
SERS activity; for example, structural configurations of the composite substrate, shapes, sizes,
relative location of noble metals and ZnO, etc. With regard to the structural configuration of the
composite substrate, noble metal-deposited ZnO substrates and the reversed ZnO-coated noble metal
substrates are different [74]. There are different interactions between the metal and ZnO, as well as
different Raman enhancement mechanisms in these reversed substrates. For the reversed ZnO-coated
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noble metal substrate, the charge transfer CT between the semiconductor and molecules dominates
the Raman enhancement. However, the noble metal plays a leading role in contributing to the SERS
activity of the entire substrate when metallic nanoparticles are deposited on the ZnO nanostructures,
and consequently the SERS activity is mainly influenced by shapes, sizes, and aggregation of the
deposited metallic nanoparticles [75,76]. The LSPR peak location depends on the morphology, size,
and composition of the metallic nanoparticles [76–78], and the number of “hot spots” depends on
the aggregation of the metallic nanoparticles, which can be adjusted by distributing noble metals on
ZnO substrates [79]. More specifically, for the noble metal Ag and Au, the characteristic LSPR peak
of Ag nanoparticles (NPs) is usually centered on 390 nm, and that of Au NPs is usually located at a
longer wavelength of 522 nm. Firstly, the LSPR peak position of the mixture of Ag and Au can be
influenced by the molar ratios of Ag and Au, which has been well researched by Lakshminarayana
Polavarapu et al. [77]. Secondly, the LSPR peak position of Au or Ag can be tuned by changing the
morphology and size of the noble metal [78]. For instance, there are transversal and longitudinal LSPR
for Au nanorods (NRs). When the Au NRs have a gradually decreased aspect ratio, the longitudinal
LSPR will undergo a blue shift, while the transversal LSPR will undergo a red shift until they merge
with each other into a single band. A controllable optical property and LSPR peak location can also
be achieved by adjusting the size of metallic nanoparticles. “Hot spots” may generate when the
metallic nanocrystals are aggregated, and it is critical to control the space between the nanoparticles to
create “hot spots”. A novel and fantastic study concerning the temperature-controlled formation of
“hot spots” has been done through depositing the metallic nanocrystals on a shape-thermoresponsive
substrate [79], which can inspire us to creatively design a composite substrate with the ability to control
the formation of “hot spots”, and consequently modulate the SERS activity.

3. A Unique Advantage of Semiconductor ZnO as SERS Substrate

However, a coin has two sides. It is not the absolute truth that the larger enhancement of the
Raman signal means a better application of SERS technique, because the Raman scatterings of bands are
usually enhanced selectively and non-uniformly in SERS. In some cases, extremely strong enhancement
of a few bands may overshadow some weaker characteristic Raman peaks of “fingerprint regions”,
which are useful to identify the desired analyte molecules. In spite of a comparatively weaker signal
enhancement from the semiconductor ZnO than the noble metal substrates, a moderate enhancement
of the Raman signal on the ZnO nanostructures could avoid the occurrence of signal masking and
be in favor of the identification of all the spectral components. ZnO has been proven as a potential
substrate to reveal some unnoticeable spectral components of the human whole blood with its moderate
enhancement (20–30 fold) while ensuring that the original Raman spectrum information is not masked,
and the SERS technique based on the ZnO substrate is promising to be a valuable tool to diagnose
human diseases with human body fluids [80].

4. Necessity of Reporting a Meaningful Average EF

The enhancement factor is one of the most important parameters used to characterize SERS
performance. EF can be largely affected by many test conditions, such as the substrate types,
target molecules, and excitation wavelength [24]. Two kinds of frequently used definitions and
calculation methods are given below [81]. They respectively are the single molecule enhancement
factor (SMEF) and a meaningful spatially average enhancement factor (average EF).

The SMEF is used to calculate the SERS enhancement of a given molecule in a specific position,
so it is usually difficult to calculate the SMEF due to its precise definition. The SMEF is only suitable
for theoretical estimation because of the difficulty in collecting the signal from just one molecule at a
time. The single molecule enhancement factor is defined as the following:

SMEF =
ISM
SERS

ISM
RS

(3)
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where ISM
SERS is the SERS intensity of the single molecule and ISM

RS is the average Raman intensity per
molecule under the same experimental condition. Only the single target molecule on the “hot spots”
can be detected.

In many practical applications, the meaningful average EF is widely used to deal with the average
SERS signal. It can be calculated by the following formula:

EF =
ISERS/NSERS

Ibulk/Nbulk
(4)

where ISERS and Ibulk are the integral intensity of Raman signals at the same peak position under
SERS and target molecules conditions, respectively, NSERS and Nbulk are respectively the average
number of molecules adsorbed on the substrates in the scattering volume for the SERS and Raman
(non-SERS) measurement.

At present, it is difficult and controversial to adopt a uniform EF to evaluate the performance
of SERS substrates. Both of the above definitions can be used to calculate EF, and there is always a
discrepancy between the single molecule EF and the average EF. To be objective, the SMEF is more
precise and reasonable, while the averaged EF is more practical. Because the SMEF can greatly change
from site to site due to the strong spatial locality of “hot spots”, the SMEF is usually used to accurately
evaluate the contribution of one single molecule to the Raman enhancement. The meaningful spatially
average EF is more practical for evaluating the performance of experimental substrates, while it is
usually lower than the maximum SMEF and may underestimate the application of substrates with
“hot spots”. Moreover, when the average EF is used for actual calculation, the accurate data is often
required yet difficult to attain, and a reasonable hypothesis is always needed for the calculation. Thus,
it should be realized that the averaged EFs can vary substantially between researchers due to diverse
assumptions or inadequate description [82], and an appeal for a much more transparent determination
of the performance of a given substrate is needed [63].

5. Synthesis of ZnO Nanostructures as SERS Substrates

5.1. Synthesis of 0-D ZnO Nanostructures

Zero-dimension (0-D) ZnO nanostructures usually include nanocrystals, nanospheres,
and nanocages. Template, self-assembly, and thermal decomposition are three primary methods to
prepare 0-D ZnO nanostructures.

5.1.1. Synthesis of ZnO Nanospheres

The two-stage thermal decomposition method of the precursor [83–87] and the novel two-stage
self-assembly method [88–90] are the most common fabrication methods for 0-D ZnO nanospheres.
As one of the liquid phase methods, the thermal decomposition method has the advantage of easy
acquisition of highly purified nanoparticles with uniform particle size. The self-assembly method
has the superiority of forming a thermodynamically stable and structure-oriented nanostructure
easily. In the two-stage thermal decomposition method of the precursor, the first stage is mixing
and vigorously stirring the NaOH and zinc acetate (Zn(Ac)2) solution to produce the Zn(OH)2

precipitates, and then the NH4HCO3 powder is added to form the precursor of a small crystallite of
Zn5(CO3)2(OH)6. In the second stage, the precursor is calcined at a high temperature to obtain the
nanospheres. In the novel two-stage self-assembly method, monodisperse ZnO nanospheres can be
derived by two-time precipitation at different temperatures. After the first ZnO precipitation is formed
through the hydrolysis of zinc acetate dihydrate (Zn(Ac)2·2H2O) with the participation of diethylene
glycol (DEG) under a higher temperature (typically 160 ◦C), the supernatant needs to be preserved
by removing the first precipitation. The secondary reaction is performed in a similar way; a certain
amount of the preserved supernatant is added to the solution before approaching a relatively low
temperature (usually 150 ◦C), and then the ZnO colloidal spheres can be obtained.

24



Nanomaterials 2017, 7, 398

5.1.2. Synthesis of ZnO Nanocages

The ZnO nanocage can be prepared by a template method with a dehydration reaction. In order
to synthesize the hollow amorphous ZnO nanocages, Xiaotian Wang [91] used the template method to
synthesize the hollow Zn(OH)2 nanocrystals by employing Cu2O nanocubes as the structure-directing
template and adding the stabilizing agent polyvinylpyrrolidone (PVP). Then, the Zn(OH)2 nanocrystals
further underwent a dehydration reaction at 250 ◦C to form hollow amorphous ZnO nanocages
(a-ZnO NCs). Crystalline ZnO nanocages (c-ZnO NCs) can be obtained by calcining the a-ZnO NCs.
The specific synthetic schematic diagram is shown in Figure 2.

 
Figure 2. Schematic diagram of the synthesis of a- and c-ZnO NCs (amorphous and crystalline ZnO
nanocages). Reproduced with permission from [91]. Copyright Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, 2017.

5.2. Synthesis of 1-D ZnO Nanostructures

Aqueous chemical growth (ACG) [92] is a simple method to deposit a 1-D ZnO nanostructure
such as ZnO nanorods on the substrates. It is conventionally performed at a low temperature with
the available inexpensive equipment. Many materials containing Corning 7059, indium tin oxide
(ITO)-coated glass and silicon wafer can be used as the substrates for the deposition of ZnO NRs.
In general, the Zn(NO3)2+ precursors, hexamethylenetetramine (HMTA) solution, and the substrate
are heated at a constant temperature (typically 95 ◦C) in Pyrex glass bottles for a period of time
to obtain ZnO NRs. pH has been adjusted by D. Vernardou [43] to get various ZnO morphologies
ranging from the nanorods, tip nanorods, nanoprisms, to flower-like structures under pH of 7, 8, 10,
and 12, respectively (Figure 3). Overall, ACG is a simple and practical method to deposit the 1-D ZnO
nanostructures on substrates.

Figure 3. SEM images of ZnO deposited on Corning 7059 for a deposition time of 2 h and (a) pH 7,
(b) pH 8, (c) pH 10, (d) pH 12, and the individual structures are exhibited in the insets of (a–d); (e) shows
a schematic map of the morphology of the nanostructures. Reproduced with permission from [43].
Copyright Elsevier B.V., 2007.
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5.3. Synthesis of 2-D ZnO Nanostructures

5.3.1. Synthesis of ZnO Nanosheets

ZnO nanosheet structures are usually prepared by the template method. In a template method,
the main body of the template is generally used as a configuration to control the shape and size of
synthesized nanostructures. The most common template for porous ZnO nanostructure is the organic
additives [93], which are likely to remain when finishing the oriented structure. Layered basic zinc
acetate clusters (LBZA-C) as precursor—which can finally transform into the building blocks through
refluxing—were creatively used as the template by Qian Liu [94] to assemble porous ZnO nanosheets
in one pot (Figure 4). As the refluxing time went on, various evolving morphologies (nanochains,
parallelogram frames, semi-filled nanosheets, and porous nanosheets) could be derived.

Figure 4. Schematic diagram of the composition and morphology evolution of the porous ZnO
nanosheets. Reproduced with permission from [94]. Copyright WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim, 2013. BZA-C: basic zinc acetate clusters; LBZA-C: layered basic zinc acetate clusters;
ZnO-C: ZnO clusters; ZnO-NP: ZnO nanoparticles.

5.3.2. Synthesis of ZnO Film

ZnO film is often synthesized on a substrate by the thermal evaporation process [95,96] in a
horizontal quartz tube furnace. Evaporation source powder is usually placed in a tungsten, alumina,
or quartz boat in the upstream of a flowing inert carrier gas such as argon gas, and the substrate
is placed downstream near the evaporation source. After the oxygen in the furnace is thoroughly
exhausted, the evaporation source will be heated at a temperature higher than the vaporization
temperature, and the substrate is always maintained at a lower temperature for the growth of the
film. ZnO film can be grown by this method using ZnO powder as the evaporation source. Naidu
Dhanpal Jayram et al. [97] designed a vertical furnace to synthesize a worm-like Ag@ZnO thin film
on a glass substrate through a similar thermal evaporation process. The substrate was at the top of
the furnace, the ZnO powder and Ag wires in tungsten coil were at the bottom of the furnace as the
evaporation source, and the evaporation was performed by setting up a current. A similar atomic
layer deposition (ALD) method was used by Yufeng Shan et al. [98] to prepare wheatear-like ZnO
nanostructures on Si substrate. Diethyl zinc and deionized (DI) water were respectively employed
as the Zn precursor and the oxygen source. This thermal evaporation process was also used in the
synthesis of ultra-sharp ZnO nanocone arrays deposited with the Au particle-on-Ag film systems by
Youngoh Lee et al. [99]. Varied morphologies (ZnO nanorods, nanonails, and nanocones) (Figure 5)
were derived by controlling the axial growth rate and the amount of the ZnO powder. Excessive ZnO
powder was used for the growth of ZnO nanocones, and a fast and slow axial growth rate were
respectively applied for synthesizing ZnO nanorods and ZnO nanocones.
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Figure 5. Schematic diagram of the growth mechanism of ZnO nanocones, nanorods, and nanonails.
(a) Textured ZnO film formed with a vapor–liquid–solid (VLS) mechanism; (b) ZnO nanocones,
nanorods, and nanonails grown with the vapor–solid (VS) mechanism. Reproduced with permission
from [99]. Copyright American Chemical Society, 2015.

5.4. Synthesis of 3-D ZnO Nanostructures

5.4.1. Synthesis of ZnO Nanorod Arrays

The microarray is one of the most representative ZnO nanostructures for SERS application because
its distinguished structure can repeatedly scatter and further trap the light. Substrate materials are
essential to the deposition of the ZnO microarrays. Electrodeposition [100] can be used to deposit the
ZnO microarrays on the surface of the working electrode ITO glass by continuously bubbling oxygen
with the electrodeposition solution of KCl and Zn(Ac)2.

The three-step seeded growth process is another frequently used method to grow ZnO
nanoarrays [101,102]. Firstly, a well-mixed steady ZnO nanocrystals sol is prepared [103] with KOH
and Zn(Ac)2 in methanol or aqueous solution by stirring at 60 ◦C for 2 h according to a wet chemical
method. Secondly, the sol is dropped or spin-cast many times on the surface of the substrate to form a
layer of ZnO seed film, and the substrate materials can be ITO, silicon wafers, or plastic substrates.
Then, the anneal operation is needed to ensure the adhesion of the ZnO nanocrystals on the substrate.
Thirdly, a hydrothermal method is used to grow ZnO NR arrays on the surface of substrates with the
addition of zinc nitrate hydrate and diethylenetriamine at a routine temperature of 90 ◦C or 95 ◦C.
The previous two steps can also be replaced by a magnetron sputtering or atomic layer deposition
method to coat a layer of ZnO seeds on the substrates. The zinc nitrate hydrate can also be substituted
by zine acetate hexahydrate (Zn(Ac)2·6H2O). HMTA and methenamine can play the same role as
the diethylenetriamine. The concrete preparation process of the patterned ZnO nanowire arrays is
presented vividly in Figure 6 [18]. In addition, the ZnO nanorod and nanowire arrays can grow not
only on plain substrate materials, but also on substrates with various kinds of backbones such as Si
nanopillar and carbon-nanotube arrays [104]. Chuawei Cheng et al. [105] have successfully fabricated
Si/ZnO nanotrees by growing the ZnO nanorod arrays on the Si nanopillar arrays by using the above
method (Figure 7).

The synthesis of noble metal/ ZnO NRs composite nanostructures is primarily based on the above
method for growing the ZnO NRs. Firstly, the ZnO NR arrays need to be grown on the substrates
by the three-step seeded growth process. Then, the noble metal/ZnO composite will be completed
with another two steps. The first step is to prepare the precursor solution for the growth of the noble
metal. For various required morphologies of the noble metal, different additives are added to this
solution. The next step is immersing the ZnO NR substrates into the precursor solution and then
directly irradiating with UV light. Experimental parameters of the morphology-controlled Au/ZnO
NRs composite have been studied by Jia-Quan Xu et al. [106]. The precursor solution is HAuCl4
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aqueous solution, and the additives for the dendritic, sea-urchin-like, conical, chain-like, sphere-like Au
(Figure 8) and Au NPs are, respectively, ammonium hydroxide (28%), phosphate-buffered saline (PBS),
0.15 M ammonium carbonate, 0.15 M p-phenylenediamine, 0.1 M HMTA, and saturated melamine
(25 ◦C). Similarly, when decorating the Ag NPs on the ZnO NR arrays, AgNO3 solution is employed
and NaBH4 solution usually needs to be added to reduce the adnexed Ag+ into Ag NPs on the surface
of ZnO NRs with the wet chemistry method [107]. In addition, a series of methods including magnetron
sputtering, thermal evaporation, or electron beam evaporation and photochemical deposition methods
can also be used to deposit the noble metal on the ZnO NRs [18,105].

Figure 6. Schematic diagram of the preparation process of patterned ZnO nanowire arrays and
the three-dimensional ZnO/Ag nanowire surface-enhanced Raman scattering (SERS) substrate.
Reproduced with permission from [18]. Copyright The Royal Society of Chemistry, 2016. HMTA:
hexamethylenetetramine; NW: nanowire; PEI: ethylene imine polymer.

 

Figure 7. (a) Schematic diagram of the fabrication procedures for the three-dimensional ordered
Si/ZnO nanotrees decorated by silver nanoparticles; SEM images of the (b) Si nanopillar arrays and the
(d) ordered Si/ZnO nanotrees; as well as (c,e) the corresponding magnified SEM images. Reproduced
with permission from [105]. Copyright American Chemical Society, 2010. ALD: atomic layer; NR:
nanorod; HT: hydrothermal.

In recent years, a novel microfluidic technology has been on the rise and is rapidly becoming a
new platform for sample preparation. It can manipulate the analyte flexibly and integrate with SERS
to allow the instantaneous in-situ detection and investigation of analyte, even a single cell in the future.
Yuliang Xie et al. [108] has grown 3-D Ag@ZnO nanostructure clusters by two sequential reactions
catalyzed via an optothermal effect within the microfluidic devices. Firstly, ZnO NRs were grown
on a gold-coated glass slide when focused by a continuous laser beam in the microfluidic channel
containing Zn(NO3)2 and HMTA solution as precursors. Secondly, Ag NPs were grown on the ZnO
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NRs by focusing the laser beam onto the preformed ZnO NRs in the AgNO3 solution. It was very
important to control the parameters of the laser (e.g., the heating power and the position of the focused
laser spot) to determine the formation of ZnO NRs and Ag NPs.

 

Figure 8. The photoinduced Au nanostructures in the form of conical Au, sphere Au, dendritic Au,
sea-urchin-like Au, and Au chain from left to right, respectively. Reproduced with permission
from [106]. Copyright American Chemical Society, 2016.

5.4.2. Synthesis of 3-D Sandwich Structure Assembly

The charge transfer in noble metal/molecule/semiconductor assemblies [109] is critical to the
exploration of the chemical enhancement mechanism, thus it is necessary to summarize the assembly
methods of the 3-D sandwich nanostructures. Here we take the assembly of the representative
ZnO/PATP (4-aminothiophenol)/Ag and the reverse Ag/PATP/ZnO (Figure 9) as the example to
introduce the fabrication method [110]. For the ZnO/PATP/Ag assembly, ZnO NR film is synthesized
on the glass substrate with the above three-step seeded growth process, then the ZnO film is immersed
into the PATP ethanol solution at room temperature for some time, and finally the obtained ZnO/PATP
substrate is immersed into a silver colloid (which was prepared according to the literature [58]),
to derive the ZnO/PATP/Ag assembly. The preparation process of the inverse Ag/PATP/ZnO
assembly is similar to the former process. Note, however, that the glass cleaned by a mixed solution
of H2O2 and H2SO4 should be immersed into a poly(diallydimethylammonium chloride) (PDDA)
solution for the next self-assembly of Ag.

 
Figure 9. Schematic diagram of (a) ZnO/PATP (4-aminothiophenol)/Ag sandwich structure;
(b) Ag/PATP/ZnO sandwich structure on glass substrates. Reproduced with permission from [110].
Copyright American Chemical Society, 2008.
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6. ZnO Nanostructures for Versatile SERS Application

In order to improve the SERS activity of ZnO nanostructures, the pure ZnO nanostructures
are usually designed in varied shapes and sizes, doped with different elements and combined with
noble metals. In this chapter, in addition to the three ZnO substrates above, three-dimensional
sandwich (3-D-sandwich) structure nanomaterials as a distinctive ZnO composite materials are also
introduced due to their unique 2-D stacked structures and the addition of typical 2-D materials such
as graphene. Therefore, four types of ZnO nanostructures are used as the versatile SERS substrates:
pure ZnO nanostructure materials, elemental doped ZnO nanomaterials, noble metal/ZnO composite
nanomaterials, and 3-D-sandwich structure nanomaterials. Reported ensemble averaged enhancement
factors on different ZnO nanostructure substrates are listed in Table 1, and they serve only as an
indicator of SERS substrate performance.

Table 1. Reported ensemble averaged enhancement factors (EFs) on different ZnO nanostructure
substrates. 4-MBA: 4-mercaptobenzoic acid; 4-Mpy: 4-mercaptopyridine; CM: chemical mechanism;
D266: 1-methyl-1′-propylsulpho-2,2′-cyanine sulphonate; EM: electromagnetic mechanism; a-ZnO:
amorphous ZnO; R6G: rhodamine 6G; rGO: reduced graphene oxide.

Substrates Morphology Probes EF/Detection Limits Mechanism References

ZnO Colloids D266 More than 50 CM [30]

ZnO Nanocrystals 4-Mpy 103 CM [72]

ZnO Nanoparticles 4-MBA & 4-Mpy - CM [85]

ZnO Nanowires, nanocones 4-Mpy 103

“Hot spots” +
cavity-like
structural
resonance

[111]

ZnO Porous nanosheets 4-MBA 103/10−6M CM [94]

ZnO ZnO nanorod arrays sheathed
with ZnO nanocrystals 4-Mpy 68 CM [112]

a-ZnO Nanocages 4-Mpy 6.62 × 105 CM [91]

Co-doping ZnO Nanoparticles 4-MBA - CM [83]

Mg-doping ZnO Nanoparticles 4-MBA - CM [106]

Ag/ZnO Microspheres 4-Mpy 9 × 104 EM + CM [88]

Ag/ZnO Wheatear-like ZnO nanoarrays
decorated with Ag nanoparticles R6G 4.9 × 107 EM + CM [98]

Ag/ZnO Worm-like Ag-coated
ZnO nanowires R6G 3.082 × 107

/10−10M
EM + CM [97]

Ag/ZnO ZnO nanowires deposited on an
Ag foil surface PATP 1.2 × 108

/10−12M
EM + CM [113]

Ag/ZnO Urchin-like Ag NPs deposited on
ZnO hollow nanosphere arrays R6G 108/10−10M CM + “hot spots” [114]

Ag/ZnO Ag-nanoparticle-decorated
Si/ZnO nanotrees R6G 1 × 106

EM + CM +
structure-

induced light
trapping

[105]

Ag/ZnO Ag nanoparticles deposited on
ZnO nanowire arrays

Malachite green
(MG)/amoxicillin

MG (2.5 × 1010

/10−12 M) Amoxicillin
(10−9M)

“Hot spots” [18]

Au/ZnO Dendritic Au/ZnO composite R6G 10−9M EM + CM [106]

Au/ZnO Au-coated ZnO nanowires

4-methylbenzenethiol
(4-MBT)/1,2-
benzendithiol

(1,2-BDT)

2.19 × 106/
4 × 105M

EM + CM +
“hot spots” [50]

Au/ZnO
Flower-shaped

ZnO-nanopyramids-coated
Au core

PATP -
CM of ZnO greatly
excited by LSPR of

Au core
[74]
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Table 1. Cont.

Substrates Morphology Probes EF/Detection Limits Mechanism References

Au/ZnO Au-coated ZnO nanorods MB 10−12M “Hot spots” [115]

Au/ZnO Au nano-porous structure
electroplated on ZnO nanorods R6G 2.24 × 106 “Hot spots” [116]

ZnO/Ag/Au NPs Ultrasharp nanocones Benzenethiol (BT),
R6G, adenine

1010–1011/BT
(10−19 M),

R6G (10−17 M),
adenine (10−17 M)

EM + CM +
“hot spots” [99]

Au/ZnO/PATP Layer-by-layer assembly PATP - CM [117]

ZnO-Ag-
graphene nanosheets

Core–shell nanostructure
integrated on nanosheets

Acridine orange
(AO) dye - EM + CM [118]

Ag/ZnO/rGO Ag nanoparticles deposited on
ZnO/rGO nanocomposite E.coli 104 cfu/mL EM [119]

6.1. Pure ZnO Nanostructure Materials

In 1996, Hao Wen et al. [30] successfully observed the surface-enhanced Raman signal of cyanine
dye 1-methyl-1′-propylsulpho-2,2′-cyanine sulphonate (D266) molecules on pure ZnO colloids with an
enhancement greater than 50. Semiconductor ZnO can exhibit SERS activity itself, but the enhancement
is generally very weak. Many researchers have made a contribution to the design and fabrication of
ZnO nanostructures with high SERS activities. Numerous microstructures have been devised and
synthesized to realize the improvement of SERS activity of pure ZnO nanostructure materials, such as
nanocrystals, nanospheres, nanowires, nanorods, nanoneedles, nanocones, nanosheets, nanocages,
etc. SERS activities of these ZnO substrates are shape- or size-dependent due to different numbers of
absorption sites for probed molecules, quantum confinement effect, multiple matter–light interactions
in photonic microarrays, and optical cavity resonance by architectural configuration. An improved
SERS performance has been achieved on a variety of pure ZnO nanostructures by many researchers.

6.1.1. Morphology Optimization Design of Pure ZnO Substrates

Qian Liu et al. [94] synthesized 2-D parallelogram-shaped porous ZnO nanosheets with an
enhancement of 103 for 4-mercaptobenzoic acid (4-MBA) molecules. The porous morphology was
beneficial to improving the SERS performance because it can provide large surface areas, abundant
defects, and plentiful surface states, which can promote greater adsorption of probed molecules and
favor efficient charge transfer, thus enhancing the SERS activity.

6.1.2. Structure Optimization Design of Pure ZnO Substrates

In addition to the morphology optimization, special nanostructures with the ability to trap the
light can also promote the Raman enhancement of pure semiconductors. A giant enhancement of
the Raman signal from 4-mercaptopyridine (4-Mpy) adsorbed on 3-D ZnO nanoarray structures
(nanowires and nanocones) was observed by Hae-Young Shin et al. [111]. They held the view that
the CM dominated by the PICT between the substrates and the adsorbed molecules can only partly
explain the enhancement, and that the great enhancement of SERS with EF of 103 should be mainly
attributed to the cavity-like resonance behavior in the well-constructed ZnO nanostructures, which has
been confirmed by the finite-difference time-domain (FDTD) calculation. Their research provided a
special way for us to design and employ structure-induced resonance to enhance the SERS activity.

6.1.3. Size Optimization Design of Pure ZnO Substrates

Besides the nanostructures and morphologies of ZnO, particle sizes and measurement conditions
also have an important impact on the SERS performance. The size-dependent SERS activity was
explored by Zhihua Sun et al. [85], and they prepared ZnO nanocrystals with varied diameters in the
range of 18–31 nm. The SERS effect was investigated by using the 4-Mpy and 4-MBA molecules as
target molecules. They found that the size-dependence of ZnO nanostructure substrates was subsistent
and the optimum particle size for the ZnO nanocrystals was nearly 28 nm. The CM dominated by the
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charge transfer between substrates and molecules was responsible for the size-dependent SERS activity,
and they attributed the size-dependent charge-transfer resonance to the formation of a charge-transfer
complex between a surface-bound exciton and the adsorbed molecules.

6.1.4. Effects of Crystallinity on the SERS Activity of Pure ZnO Substrates

Recently, a novel study was carried out by Xiaotian Wang [91] with respect to the relationship
between the SERS performance and the crystallinity of ZnO nanocages. It was worth noting that
the amorphous ZnO nanocages (a-ZnO NCs) demonstrated a more excellent SERS activity than the
crystalline ZnO nanocages (c-ZnO NCs). The difference of the lattice structure and crystallinity
between a-ZnO NCs and c-ZnO NCs should account for this interesting finding. c-ZnO NCs had an
ordered periodic lattice structure, which may strongly restrict the electrons and limit the escape and
transfer of these electrons, while the long-range disordered amorphous lattice structure of a-ZnO NCs
can lead the system to a metastable state, and make the charge transfer easier. Accordingly, the PICT
process was facilitated and the polarization tensor was expanded, and the SERS activity was enhanced.

6.1.5. Prerequisite for Realizing SERS on Pure ZnO Substrates: PICT

In order to achieve the prerequisite of realizing SERS in the 3-D ZnO NR arrays system, Xiaotian
Wang et al. [100] investigated the SERS performance of 4-Mpy and 4-aminothiophenol (PATP) adsorbed
on the ZnO NR arrays. They found that the efficient PICT between ZnO NRs and the probed
molecules can amplify the probed molecules’ polarization tensor and the scattering cross-section,
which was vital to the SERS enhancement, and therefore the effective PICT was the prerequisite for
improving the SERS activity of semiconductor ZnO NR arrays. In addition, it was encouraging that
the logarithmic concentration of pharmaceutical molecules ((Bu4N)2 [Ru(dcbpyH)2-(NCS)2] (N719)
and acetaminophen, as well as the corresponding intensity of detected Raman peaks was linearly
dependent. This finding provided feasibility evidence for tracing the photo-induced charges for the
dye-sensitized solar cells (DSSCs), and there was promise for the exploitation of the semiconductor
SERS substrates as chemosensors for pharmaceutical analysis.

Kwan Kim et al. [101] found a phenomenon that b2-type bands of 4-aminobenzenethiol
(4-ABT) were absent in the 4-ABT Raman spectrum, whereas they were identified when
adsorbed onto ZnO NR arrays, which was different from the ever-present a1-type bands.
A similar phenomenon also emerged on 4-ABT derivatives including 4-(methylamino)benzenethiol
(4-MABT), 4-(acetamido)benzenethiol (4-AABT), 4-(benzylideneamino)benzenethiol (4-BABT),
4,4′-dimercaptohydrazobenzene (4,4′-DMHAB) and 4,4′-dimercaptoazobenzene (4,4′-DMAB).
The above evidence indicated that the b2-type band was related to the contact and interaction between
the ZnO NRs and the probed molecules. To confirm this conjecture, they investigated the effect of the
measurement conditions such as pH, excitation wavelength, and electric potential on the SERS signal.
The results showed that the b2-type bands intensity would change with the pH because protonation of
the amine group in the acidic solution made an increase of the LUMO level of 4-ABT, and thus the
PICT process became harder and the signal became weak. The above discovery implied that b2-type
bands were assigned to the PICT resonance. Similar evidence was also provided by the impact of
excitation wavelength and electric potential on a1- and b2-type bands.

6.2. Elemental Doped ZnO Nanomaterials

Doping is a universal method used to introduce defects into semiconductors and change the
lattice constant, the bond energy, and the energy gap of semiconductors. Appropriate doping element
and concentration can promote the separation efficiency of the electron and hole, and improve the
photocatalytic activity of semiconductors such as TiO2 and ZnO. Some studies have found that element
doping can also be an effective means of enhancing the SERS activity, and the reason has been given as
the following. For semiconductor substrates, the CM plays an important role in enhancing the Raman
signal. When the probed molecules are chemisorbed on the ZnO nanostructures, surface defects which
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are introduced by the elemental doping will promote the formation of surface defects energy level, and
make the CT process easier to process between the surface defects energy levels and the LUMO of the
probed molecules with a relatively lower laser energy. It can be speculated that a higher concentration
of dopant will result in a stronger SERS.

6.2.1. Effects of Doping Concentration on SERS Activity of Elemental Doped ZnO Substrates

Xiangxin Xue et al. [83] studied the impact of Co-doping concentration on the SERS intensity with
the system of 4-MBA molecules adsorbed on Co-doped ZnO NPs. Because the frequency of the LSPR
of the semiconductors was far away from the laser wavelength, CT rather than LSPR was considered
to be primarily responsible for the SERS effect. It was interesting that the optimum Co-doping
concentration was 1% instead of a higher concentration, which may introduce more defects into the
ZnO. It can be suspected that 1% Co-doping ZnO NPs had the largest possibility to generate the CT
process. A reasonable explanation was provided that a higher defect concentration may cause the
electron–hole recombination, which would compete with the CT from the Co-doping ZnO substrates
to the molecules. A similar phenomenon was observed by Limin Chang et al. [84], who observed
that there was an optimum Mg doping concentration of 3% when studying the SERS performance
of the Mg-doping ZnO nanocrystals by using 4-MBA as probe molecules. Additionally, Szetsen Lee
employed hydrogen and oxygen plasmas to introduce defects into hydrothermally synthesized ZnO
NRs [92]. SERS activities can be promoted by controlling the concentration of defects with the help
of H2 plasma to reduce the oxygen vacancy and the O2 plasma to increase the interstitial oxygen.
In the meantime, the photoluminescence (PL) intensity of ZnO NRs can also be adjusted by the plasma
treatment. A concordant combination of PL and SERS on the semiconductor ZnO nanostructures
deserved further research.

6.3. Noble Metal/ZnO Composite Materials

Though ZnO nanostructures have many advantages and functionalities, their application as SERS
substrates are always plagued by the inferior EF. It is understandable to combine noble metals with
semiconductor ZnO nanostructures to achieve multifunctional and sensitive composite SERS substrates.
There are two different structural configurations for noble metal/ZnO composite substrates, namely:
metal-deposited ZnO substrate and ZnO-coated metal substrates. Ag is well-known for the skyscraping
efficiency in enhancing the Raman signal, and is often used to combine with ZnO because the LSPR
peak of Ag (390 nm) is adjacent to the UV absorption band (380 nm) of the nanoscale ZnO, which is
favorable for a strong interfacial electronic coupling between the Ag and ZnO nanostructures. However,
the life span of Ag is limited because it is easily oxidized. Compared with Ag, another common noble
metal Au is more stable against oxidation, and the characteristic LSPR peak of Au is located at a
longer wavelength of 522 nm [120]. For the biological Raman detection, a longer laser wavelength of
700–1100 nm with low scattering, absorption, and fluorescence is preferred [121,122], and thus the
ability of better using the long wavelength laser by tuning LSPR of Au to the NIR region makes Au
more biocompatible and extends the application of the SERS to biochemical, biomedical, and biological
detection to revel the detailed information about DNA and proteins [108]. Nevertheless, Au NPs
are always coated with a layer of chemical substance, which can help to avoid their aggregation and
provide them with a functional surface chemistry. In fact, not only the aggregation of the metallic
nanoparticles but also the adsorption of target molecules could be prevented by the protective layers.
It is advisable to enhance their good points and avoid their shortcomings when using Au and Ag as
the SERS substrates.

6.3.1. Ag/ZnO Composite Materials

ZnO nanostructures can not only be deposited on Ag foil, but can also be coated with Ag
nanostructures. Wei Song et al. [113] attempted to deposit ZnO nanofibers on a silver foil surface to
form a composite substrate. A high SERS intensity of the PATP (Figure 10a) was observed on this
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substrate, with an EF of 1.2 × 108 and a detection limit down to 10−12 M. The enhanced scattering
could be attributed to the EM arising from the exciton–plasmon interaction between ZnO nanofibers
and the silver foil surface, which afforded the localization of the electric field at the gap between
ZnO nanofibers and silver foil. It can be further demonstrated by simulating the distribution of the
electric field for the system of the silver foil deposited by ZnO nanofibers with the FDTD (Figure 10b).
Yufeng Shan et al. [98] fabricated wheatear-like ZnO nanoarrays decorated with Ag NPs, rhodamine
6G (R6G) was used as target molecules, and the EF reached up to 4.9 × 107. Firstly, Ag NPs-deposited
3-D ZnO nanoarrays with a large surface area can generate a high-density of “hot spots”. Secondly,
hydrogenation introduced many defects into ZnO and adjusted the surface energy band structure of
the ZnO nanostructures, thus promoting charge transfer between the substrates and target molecules.
Therefore, both the EM derived from the “hot spots” and the CM dominated by charge transfer,
as well as the target molecules enrichment resulted from the large surface area of the ZnO nanoarrays,
contributed to the SERS enhancement. Moreover, the appropriate hydrogenation degree increased the
carrier concentration in ZnO nanostructures and evidently enhanced the photocatalytic activities in
the meantime.

 

Figure 10. (a) Schematic diagram of ZnO nanofibers deposited on the surface of silver foil with probed
molecules; (b) The distribution of the electric field for ZnO nanofibers deposited on the surface of silver
foil calculated with finite-difference time-domain (FDTD) simulation. Reproduced with permission
from [113]. Copyright The Royal Society of Chemistry, 2015.

Apart from the photocatalytic performance, the super-hydrophobicity can also be integrated
with SERS activity on the ZnO nanostructures. Naidu Dhanpal Jayram et al. [97] successfully
prepared super-hydrophobic and high-sensitive worm-like silver-coated ZnO NWs with a contact
angle of 163◦ and an enhancement of 3.082 × 107 for detecting 10−10 M rhodamine 6G (R6G).
The super-hydrophobicity was derived from the great increase of the air/water interface when the
large fraction of air was entrapped in the interstices of the rough ZnO NWs. The sensitive SERS activity
could be explained by the following two reasons. On the one hand, it was noteworthy that there was a
strong interfacial electronic coupling between the neighboring ZnO NWs and Ag NPs. On the other
hand, the higher contact angle indicated that the same amount of probed molecules in the droplet
could be enriched in a smaller area, and consequently an increased surface coverage can be obtained,
leading to an enhanced SERS signal on the substrate with high contact angle.

6.3.2. Au/ZnO Composite Materials

In comparison to the Ag/ZnO composite nanostructures, Au/ZnO composite nanostructures are
more biocompatible and can be applied in biological detection. Jiaquan Xu et al. [106] fabricated
composite renewable biosensors with various Au nanostructures such as dendritic, spherical,
sea-urchin-like, conical, and chain-like structures. Among these composite substrates, the dendritic
Au NPs/ZnO composite exhibited the strongest Raman enhancement thanks to the hierarchical
structure and the relative high coverage, which could provide abundant gaps for SERS enhancement,
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and thus even the 10−9 M R6G molecules can be detected by the dendritic Au/ZnO composite. The Au
NPs/ZnO composite was not limited to the detection of NO released from the cells, it also had
self-cleaning functionality, which can allow the substrates to be reused many times for the effective
detection of target molecules as a renewable biosensor. Further, the in-situ SERS and electrochemical
impedance spectroscopy (EIS) measurements were integrated in the Au nano-porous structure coated
ZnO NRs to help us obtain the cellular information and monitor cell response to the environment
(Figure 11) [116].

When combining a noble metal with ZnO nanostructures, the metallic nanoparticles are usually
deposited on the surface of ZnO nanostructures while few studies pay attention to another reverse
structural configuration, which is ZnO-coated metal nanostructures. For the metal-deposited ZnO
nanostructures, the interaction between the metals and ZnO is often weak and the contribution of
the substrate to SERS is mainly from the metal. Liping Liu et al. [74] have studied the flower-shaped
Au-ZnO hybrid nanoparticles, which exhibited a stronger SERS signal of the b2 modes of PATP
molecules because the CT from ZnO to molecules was enhanced by the additional electrons from Au
NPs to the ZnO surface. In addition, the ZnO-coated Au substrates had a self-cleaning performance
under visible light, and it can be developed into a promising SERS substrate simultaneously
accompanied with the biocompatibility and visible-light-induced reproducibility.

 

Figure 11. Dual-modal detection of a single Hela cell. (a) SERS spectrum of a single Hela cell attaching
on the underneath electrode with Au nanostructure; (b) Comparison of cellular impedances before
and after its attachment. Inset in (b) is the light microscope image of a single Hela cell adhering on
the measuring electrodes; (c) Cole-Cole plots of the impedance measurements. Reproduced with
permission from [116]. Copyright Nature Publishing Group, 2015.

6.3.3. ZnO/Ag/Au Composite Materials

Structural configuration is also crucial for the SERS performance of the 3-D nanostructure. In order
to achieve the ultra-high SERS activity with “hot spots” and the light trapping, a 3-D design of
ultrasharp ZnO/Ag/Au NPs nanocone array was cleverly constructed by Youngoh Lee et al. [99].
The substrate even can detect target molecules at even zeptomole levels with the help of a large
surface area provided by the 3-D ZnO nanostructures for the formation of SERS active sites, as well as
the special metal nanostructures, which can act as efficient antennas and make the light absorbance
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increase. Further, the coupling of Ag film and Au NPs in this metal nanostructure can induce a large
electric field at the particle–film gap, which has been theoretically evaluated and calculated by the
discrete dipole approximation (DDA) method (Figure 12). The substrate was expected to be used for
single-molecule detection at the zeptomole level.

 

Figure 12. Ultrasharp ZnO nanocone arrays hybridized with the plasmonic systems of Au particle
on Ag film (a) Schematic showing detection principle of fabricated SERS sensor; (b) Normalized
electric field distribution for the ZnO/Ag/PDDA/AuNP NCs. Reproduced with permission from [99].
Copyright American Chemical Society, 2015. PDDA: poly(diallydimethylammonium chloride).

6.4. 3-D-Sandwich Structure Nanomaterials

3-D-sandwich structure nanomaterials with a large contact area can usually exhibit an excellent
SERS performance due to their particular structures. A majority of target molecules can be adsorbed
by the large contact area of the 3-D-sandwich structure, and their particular structures are beneficial to
the formation of “hot spots”. In addition, 3-D-sandwich structure can help the substrates to employ the
distinctive properties of the constituent materials. The general constituent materials for 3-D-sandwich
structures are noble metals, semiconductors, and typical 2-D layered materials such as graphene
and MoS2. The relationship between the SERS performance and the structural configuration of the
constituent materials is worthy of further research.

6.4.1. Noble Metal/Molecules/ZnO 3-D-Sandwich Structural Composite Substrates

The ZnO/PATP/Ag sandwich structure and its reverse Ag/PATP/ZnO sandwich structure were
prepared by Zhihua Sun et al. [110]. It was discovered that these two substrates with the inverse
structures showed the different SERS performance under a laser of 1064 nm due to the diverse
connection of functional groups. It can be speculated that CM dominated by the charge transfer
process primarily contributed to the SERS performance of these sandwich structures. The conjecture
has been further confirmed by the evidence that the non-totally symmetric b2 modes of PATP were
strongly enhanced in the ZnO/PATP/Ag sandwich structure, whereas in the reverse structure,
they did not. Their discovery suggests that the charge transfer through the bridge-like interconnecting
probed molecules between nanoscale metals and semiconductors may be detected by SERS. Based
on the previous research, the relative intensity of non-totally symmetric modes can be considered
as an indicator for the contributions of the charge transfer process to the SERS enhancement by
Alexander P. Richter et al. [86]. After observing the size- and excitation wavelength-dependent charge
transfer in the Ag/PATP/ZnO sandwich structure, they attempted to introduce a quantitative equation,
as follows:

PCT(k) =
Ik(CT)−Ik(SPR)
Ik(CT)+I0(SPR)

(5)
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where PCT(k) is the degree of charge transfer of a k-line and the k-line may be either a totally symmetric
or nontotally symmetric line, Ik(CT) is the intensity of a line where CT induced the increase of the
SERS intensity caused by surface plasmon resonances (Ik(SPR)), while I0(SPR) is the intensity of a line
in the spectrum where only SPR contributed to the signal.

They also found that for a series of molecules with a low-lying unfilled π* orbital as an electron
acceptor (PATP, 4-Mpy, and 4-MBA), the optimal particle diameter of ZnO was 27.7 nm for all
wavelengths, which was consistent with the research results of Zhihua Sun et al. [110]. Through this
study, they firmly ensured that the size-dependent SERS effect of the previous study was indeed the
charge transfer in nature. Libin Yang et al. [117] considered that the Raman enhancement of PATP
adsorbed on the Au/ZnO substrate was attributed to a CT contribution from the metal to molecules
instead of the EM by examining the relative enhancement of the non-totally symmetric (b2) modes.
According to the EM model proposed by Creighton [123] and Moskovits [124], the totally symmetric
(a1) modes should have the strongest enhancement regardless of the orientation of the molecules.
The selective enhancement of only the b2 mode among the a1, b1, and b2 modes cannot be explained
by the EM mechanism. This series of studies about the relationship between the charge transfer and
non-totally symmetric b2 modes provided us with an important understanding of the role of CM
in SERS.

6.4.2. Graphene/Noble Metal/ZnO 3-D-Sandwich Structural Composite Substrates

Graphene is famous for a unique two-dimensional (2-D) layered structure with the exceptional
electric, thermal, and optical properties [125,126], and has the potential to be exploited in the 3-D
sandwich structure of composite substrates. In recent years, there have been studies about the
possibility of using graphene as a SERS substrate [127], and graphene has been reported to have
controllable SERS performance [128]. Many scientists have attempted to composite graphene with
semiconductors and/or the noble metal nanostructures [129,130] in a layered sandwich form as the
SERS substrates. These substrates can exhibit outstanding SERS activity, and the graphene has been
confirmed to play an important role for the SERS enhancement. In the meantime, the participation of
the graphene is also beneficial to improving the photocatalytic performance of the SERS substrates
and making the SRES substrates more environmentally friendly.

Cheng-Chi Kuo et al. [131] have investigated the role that graphene played in the SERS and
photocatalytic performance of the graphene–semiconductor (e.g., TiO2, ZnO) hybrid panel (GHP)
substrates. They found that the precise number of graphene layers was critical to the performance
of SERS and photocatalysis. Results showed that the hybrid with three layers of graphene (3L-GHP)
possessed the maximum SERS performance, with an EF of 108 when using R6G as the target molecule.
Moreover, it also exhibited excellent photocatalytic activity when photodegrading the methylene blue
(MB), due to the rapid electron and hole transfer through the graphene. R. Ajay Rakkesh et al. [118]
constructed a ZnO–Ag–graphene nanosheet (ZnO–Ag–GNS) nanoassembly through integrating
ZnO–Ag core–shell nanostructures on graphene nanosheets by a wet chemical process (Figure 13).
The SERS activity of the ZnO–Ag–GNS nanostructure was enhanced by the LSPR of Ag NPs, as well as
the easy interfacial charge transfer process due to the close contact of the graphene nanosheets with the
metal Ag. This substrate can rapidly detect organic contaminants such as acridine orange dye (AO dye)
and photodegrade the contamination simultaneously. This study gave us illumination that GNS was
an excellent candidate for enhancing the SERS effect through accelerating the interfacial charge transfer
process and enhancing the photocatalytic activity by means of reducing the recombination rate of the
electron–hole pair. The graphene-based substrates have successfully exhibited SERS and photocatalytic
activity simultaneously, and have expanded the application of SERS substrates.

Ya Chi Ko et al. [119] have fabricated Ag/ZnO/reduced graphene oxide (rGO) nanocomposite to
detect bacteria by SERS and kill them in many ways. It can be realized by combining the photocatalytic
property of ZnO NPs, the high specific surface area and NIR photothermal conversion property of
rGO, as well as the bacteria-killing capability and SERS property of Ag NPs. Escherichia coli (E. coli) was
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successfully detected by this active Ag/ZnO/rGO substrate with a detection limit about 104 cfu/mL,
and was killed to different degrees by the substrates with or without the NIR or full Xe lamp irradiation.

Figure 13. Schematic illustration of ZnO–Ag–graphene nanosheet (ZnO–Ag–GNS) nanoassembly
synthesized by a wet chemical process. Reproduced with permission from [118]. Copyright The Royal
Society of Chemistry, 2016.

7. Conclusions

In this review, we first discussed the development of SERS substrates from noble metals to
semiconductors, and semiconductor ZnO was introduced as one of the potential SERS substrates.
In order to improve the SERS activity of ZnO, the primary source of the great disparity between the EF
of noble metals and that of ZnO nanostructures was analyzed and clarified, which can be attributed
to the LSPR and “hot spots” of noble metals. Then, heavy elemental doping and the combination of
noble metals with ZnO were put forward as the major improvement methods. Next, the preparation
methods of varied ZnO nanostructures (0–3 dimensions) were summarized. Finally, we presented an
overview of ZnO nanostructures for versatile SERS application. For pure ZnO nanostructures, the EF
is usually 103 due to the predominant chemical enhancement based on the PICT. With regards to the
noble metals/ZnO composite substrates, the strongest EF can reach up to 1010–1011 with a detection
limit at a zeptomole level of 10−19 M for the benzenethiol molecules by the ultrasharp ZnO/Ag/Au
NPs nanocone substrate, which is promising for application in single molecule detection. In addition
to the excellent SERS activity, many of these active ZnO nanostructure substrates are versatile; they not
only can be used as chemosensors for detecting the NO released from the cells, but can also integrate
EIS to obtain cellular information, identify “fingerprint regions” for disease by investigating human
whole blood, and kill bacteria by photocatalysis.

However, there is little breakthrough in the improvement of SERS activity of semiconductors
themselves. ZnO nanostructures are more likely to depend on the noble metals rather than themselves
as the superior SERS substrates. Additionally, noble metal/ZnO substrates can still be plagued by
the imperfection and instability problems during application. We look forward to elevating the SERS
activity of ZnO nanostructures with the help of the optimization of shape, structure, and size, as well
as sophisticated conformation of “hot spots”. A metalloid dielectric property of semiconductors can be
expected to be realized in the future to greatly enhance the Raman scattering by tuning the LSPR peak
near to the VIS spectra region. Further, the in-situ trace detection can be effectively and harmoniously
integrated with other functionalities on the ZnO nanostructure substrates. In my view, there is an
urgent need to discover and develop novel versatile semiconductors with ultra-high SERS activity,
and this may be the most fundamental way to improve the SERS activity of semiconductors.
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Abstract: Titanium dioxide (TiO2) materials have been intensively studied in the past years because
of many varied applications. This mini review article focuses on TiO2 micro and nano architectures
with the prevalent crystal structures (anatase, rutile, brookite, and TiO2(B)), and summarizes
the major advances in the surface and interface engineering and applications in environmental
and electrochemical applications. We analyze the advantages of surface/interface engineered
TiO2 micro and nano structures, and present the principles and growth mechanisms of TiO2

nanostructures via different strategies, with an emphasis on rational control of the surface and
interface structures. We further discuss the applications of TiO2 micro and nano architectures in
photocatalysis, lithium/sodium ion batteries, and Li–S batteries. Throughout the discussion, the
relationship between the device performance and the surface/interface structures of TiO2 micro and
nano structures will be highlighted. Then, we discuss the phase transitions of TiO2 nanostructures
and possible strategies of improving the phase stability. The review concludes with a perspective on
the current challenges and future research directions.

Keywords: titanium dioxide; crystal structure; surface/interface structure; photocatalysis;
lithium/sodium ion batteries; Li–S batteries; phase stability

1. Introduction

Environment and energy are important factors, which affect the sustainable development of
the society. Clean energy techniques and environmental treatment solutions based on advanced
nanomaterials, which are earth abundant and environmentally compatible show the potential to
solve the crisis. Titanium dioxide (TiO2) is such a material that satisfies the criteria [1,2]. As an
important and widely used wide bandgap (3.0–3.2 eV) oxide semiconductor, TiO2 shows unique
physical and chemical properties [3]. The applications of TiO2 materials range from conventional
fields (cosmetic, paint, pigment, etc.) to functional devices, such as photo- or electrocatalysis,
photoelectrochemical or photovoltaic cells, lithium/sodium ion batteries, Li–S batteries, and
biotechnological applications [4–13].

There are at least 11 reported bulk or nanocrystalline phases of TiO2. In nature, TiO2 forms
four main phases: rutile, anatase, brookite, and TiO2(B). The crystal models of the four structures
are illustrated in Figure 1. All of these TiO2 phases can be seen as constructed by Ti–O octahedral
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units. The main structural difference is the connecting ways of the basic Ti–O octahedral repetitive
units. For instance, octahedra shares two, three, and four edges in rutile, brookite, and anatase phase,
respectively. In TiO2(B) phase, the Ti–O octahedral connection is similar to the anatase one, but with a
different arrangement that shows layer character [14]. Under the condition of normal temperature and
atmospheric pressure, the relative stability of bulk phase is rutile > brookite > anatase > TiO2(B) [15].
However, this stability order can be changed by ambient condition and sample properties (particle
size, morphology, surface state, etc.). The four TiO2 phases can be distinguished by using diffraction,
Raman spectroscopy, or electrochemical techniques. Due to the structural difference, these TiO2 phases
each have their specific applications. Therefore, it is important to study the phase transformation
among different phases and develop methods to improve the phase stability [16–18].

 

Figure 1. Crystal structures of typical TiO2 polymorphs: (a) rutile; (b) brookite; (c) anatase; and (d)
TiO2(B). Gray and red spheres are Ti4+ and O2− ions, respectively.

For a given TiO2 phase, size and morphology play important roles in the energy conversion and
storage. In this regard, TiO2 nanostructures with well controlled geometric dimension and morphology,
such as nanoflowers [19–21], inverse opal- [22–27], urchin- [28–30], and dandelion-like [31–33]
structures, have been successfully explored. Besides those geometric parameters, the surface and
interface structures are also responsible for the applications mentioned above [12,13,34]. Photo- or
electrocatalysis requires the effective adsorption and desorption of reactant molecules/ions and
intermediate products on the surface of TiO2 photocatalysts [35–38]. The ions transportation is occurred
across the surface or interface of TiO2 electrodes during the continuous charging and discharging
processes in lithium/sodium ion batteries [39]. Adjusting the interaction between sulfur cathodes
and the surface of TiO2 host is important to improve the cycle stability of Li–S batteries with a higher
capacity than those of lithium ion batteries [40]. Therefore, engineering the surface/interface structures
of TiO2 crystals is not only fundamentally important for studying the essential interaction between
molecules or ions and TiO2, but is also valuable to the technical applications [41,42].

In this paper, we summarize the most recent progress in engineering the surface/interface
structures of TiO2 micro and nano structures for the applications in environment and electrochemistry.
The article is organized as follows: Section 2 analyzes the benefits of surface/interface engineered TiO2

micro and nano structures; Section 3 reviews the main strategies used for surface/interface engineering
in TiO2 materials; Section 4 evaluates the advantages and different application of surface/interface
engineering in the context of photocatalytic degradation of organic contaminants, water-splitting,
CO2 reduction, antimicrobial and self-cleaning, electrodes for lithium/sodium ion batteries, and Li–S
batteries; Section 5 discusses the phase stability of typical TiO2 structures, and the possible routes
to improve the stability; and, finally, we will provide our perspective on the current challenges and
important research directions in the future.

2. Advantages of Surface/Interface Engineered TiO2 Micro and Nano Structures

When compared to the TiO2 materials in bulk form or other nanostructures, the surface/interface
engineered TiO2 micro and nano structures are promising to transcend the difficulties in photocatalysis
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and energy storage applications. The benefits of TiO2 materials with well controlled surface and
interface structures are briefly summarized as follows.

(1) Large specific surface area. The surface area of TiO2 materials plays an important role in their
photocatalytic activity and ion storage ability. Firstly, large surface area can increase the contact area
with electrolyte, and thus the amount of active reaction sites for photocatalytic applications. Secondly,
the high surface area of TiO2 electrodes is also favorable for the storing more ions.

(2) Tunable band structure and bandgap. The electronic structure of TiO2 materials can be tuned by
engineering surface and interface configurations. Due to the intrinsic limitations of the wide bandgap
in bulk form, the practical use of pristine TiO2 materials in the fields of photocatalysis is hampered.
Only ultraviolet (UV) light (<5% of the full solar spectrum) can activate the TiO2 photocatalysts.
By employing surface modification via defect generation, doping, or interface formation, the band
structure and the bandgap value of various TiO2 materials can be adjusted, making it possible to
achieve efficient and durable visible light photocatalysis [5–13].

(3) Improved electronic and ionic conductivity. The modulated band structure and bandgap in
TiO2 materials generate additional state within the forbidden band, which facilitates the fast transport
of ionic and electronic species, and are important for the rapid migration, transport, and recombination
of carriers for catalysis, and high rate battery applications.

(4) Optimized interaction between reactant molecules/ions, intermediate products, and the
surface of TiO2 materials. The binding of species on the engineered TiO2 surface can be adjusted. It is
important to improve the catalytic activity and selectivity, and promote electrochemical performance
for novel energy storage device, such as Li–S batteries.

3. Strategies in Surface/Interface Engineering of TiO2 Micro and Nano Structures

The above discussion shows that surface and interface structures in TiO2 materials are related to
the electronic/optical properties and thus diverse applications ranging from energy to environment.
So far, different methods have been proposed to control the surface and interface configurations for
TiO2 micro and nano structures [43–45]. Among the methods, a primary classification can be made
by distinguishing physical and chemical methods, which are based on top-down and bottom-up
approaches, respectively. There are several excellent reviews describing the specific synthesis methods
(such as self-assembly, template, hydrothermal, solvothermal, annealing, electrochemical method,
etc.) to control the surface/interface structures [5,34,46]. In this paper, we avoid describing the
different synthesis methods, but discuss fundamental strategies, including one-step (sometimes
called in-situ) methods, post treatment, and theoretical guidance, those are used to engineer the
surface/interface structures.

3.1. One-Step Approach

In order to modify the surface/interface structures via the one-step approach, understanding the
nucleation and further growth is essential. Up to now, solution-based and vapor-based approaches
have been developed to control the nucleation and growth, and different mechanisms including
vapor−liquid−solid, orientation attachment, Ostwald ripening, surfactant-controlled, and growth by
surface reaction limitation have been proposed, which have been reviewed elsewhere [5,34,46].

Richter et al. [47] fabricated aligned TiO2 nanotube arrays by the oxidation of a titanium foil in
hydrofluoric acid solution (0.5–3.5 wt %). Electron microscopy images showed that the tubes were
open on the tops and were closed on the bottoms. The average tube diameter grew with the increasing
of voltage, while the length was independent on reaction time. Field-enhanced void structure was
responsible for the tube formation. By suitable choice of the pH value, electrolytes and the Ti sources,
the geometry and composition of the nanotube arrays can be controlled more precisely (Figure 2).

Penn et al. [48] proposed that some TiO2 nanostructures could be formed in solution through
the route of oriented attachment, where the merger of nanocrystals is based on orientations of each
nanoscale crystal to form single crystalline structure. Experiment and simulations showed that the
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driving force of an oriented attachment was the reduction of the total surface energy contributed by
the removal of certain crystal facets with a high surface energy. The kinetic behaviors of the oriented
attachment growth was directly related to the solution properties and reaction temperature. Therefore,
it is possible to control the surface/interface properties of the final TiO2 nanostructures by modifying
the crystal facets of the pristine nanocrystals, as well as solution viscosity and others.

 

Figure 2. Engineering the surface/interface structures in TiO2 materials via one step approach. (a) Cross
section and (b) front view scanning electron microscopy (SEM) images of amorphous TiO2 nanotube
arrays fabricated by anodic oxidation. Reproduced with permission from [47], Copyright Nature
Publishing Group, 2010.

3.2. Post Treatment Routes

Based on the well-established top-down and bottom-up strategies, the synthesis of TiO2 micro
and nano structures with controllable parameters, such as size, morphology, composition, as well
as assembly, can be achieved. Those TiO2 materials with well-defined geometry and chemistry
provide abundant possibilities to further tune the atomic scale structures. Therefore, different
post-treatment techniques, including thermal annealing, laser irradiation, electrochemical cycling, and
solution reaction, have been developed to yield TiO2 materials with modified surface and interface
structures [49–55].

By employing high pressure (~20 bar) hydrogen annealing treatment, Chen et al. [49] successfully
converted the pristine white TiO2 nanoparticles into black hydrogenated particles (Figure 3a–e).
The color change indicated that the optical absorption properties had been modified through the
treatment. Further structural characterizations showed that the obtained black TiO2 nanoparticles
possessed crystalline core/amorphous shell structure. The surface layer with disordered feature
was due to hydrogen dopant, leading to the formation of hydrogen related bonds (such as Ti–H,
O–H). Such hydrogen dopant induced surface modification also generates midgap stated, and thus
makes the color of the sample as black. Similar to the case of hydrogen treatment, annealing
in oxygen deficient atmosphere also results in the effective modification of the surface/interface
structures. Huang et al. [50] reported a facile solution reaction, followed by nickel ions assisted
ethylene thermolysis to synthesize rutile TiO2 nanoparticles. The surface of each nanoparticle was
etched to form pits with an average size of 2–5 nm (quantum pits). Based on the characterizations,
they proposed a possible formation mechanism for the quantum pits. Thanks to the ethylene
thermolysis during annealing, a carbon layer was formed on the surface of TiO2 nanoparticles.
The carbon layer then reacted with trace Cl2 in the chamber, inducing the etching of TiO2 locally
based on the reaction: TiO2 + 2C + 2Cl2 ↔ TiCl4 + 2CO. The microstructure of the rutile TiO2

nanoparticles is very unique. The abundant quantum-sized pits on the surface generate defect
structures and unsaturated bonds, which are important for improving the conductivity and ion storage.
Laser irradiation in liquids is also an useful method to modify the surface and interface of different
TiO2 nanostructures [56,57]. During the experiment, laser wavelength, laser energy, irradiation time,
and the solution that is employed can be chosen to control the surface structure [58], bandgap, and
even phase transformation [59]. In a recent work shown by Filice et al. [58], under-coordinated Ti ions
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and distorted lattice were formed on the surface of TiO2 nanoparticles upon laser irradiation, which
were important in the modification of the physical and chemical properties. Recently, electrochemical
cycling in different mediums (aqueous, organic solution, and ionic liquids) have been used to modify
the surface composition, as well as microstructure of TiO2 materials. The results show that the surface
defect structures, especially oxygen vacancies, and their amount can be controlled by adjusting the
electrochemical conditions.

 

Figure 3. Post treatment route to tune the surface/interface structures in TiO2 materials.
(a) A photo comparing unmodified white and disorder-engineered black TiO2 nanocrystals;
(b,c) High-resolution transmission electron microscopy (HRTEM) images of TiO2 nanocrystals before
and after hydrogenation, respectively. In (c), a short dashed curve is applied to outline a portion of
the interface between the crystalline core and the disordered outer layer (marked by white arrows) of
black TiO2; (d,e) X-ray Diffraction (XRD) and Raman spectra of the white and black TiO2 nanocrystals
(reprinted from [49] with permission, Copyright American Association for the Advancement of Science,
2011). (f) Schematic and (g–l) electron microscopy images of mesoporous single-crystal nucleation and
growth within a mesoporous template. (g) Pristine silica template made up of quasi-close-packed silica
beads; (h) non-porous truncated bipyramidal TiO2 crystal; (i) template-nucleated variant of the crystal
type shown in (h); (j) replication of the mesoscale pore structure within the templated region; (k,l) fully
mesoporous TiO2 crystals grown by seeded nucleation in the bulk of the silica template. (Reproduced
with permission from [44], Copyright Nature Publishing Group, 2013).

Template assistance is also effective to control the surface/interface of TiO2 micro and nano
configurations. Crossland et al. [44] developed a mesoporous single-crystal anatase TiO2 based on
seed-mediated nucleation and growth inside of a mesoporous template (Figure 3f). In a typical process,
silica template was firstly seeded by pre-treatment in a solution of TiCl4 at 70 ◦C for 60 min. The anatase
TiO2 mesoporous single-crystal was obtained via hydrothermal reaction of TiF4, with the addition of
hydrofluoric acid and pre-treated silica template. The template was then removed by adding aqueous
NaOH solution to recover the mesoporous TiO2 crystals. The final product reveals facet truncated
bipyramidal crystals with external symmetry matching that of the homogeneously nucleated bulk
crystals, whose mesoscale structure is a negative replica of the silica template. Compared to the
conventional TiO2 nanocrystalline, the TiO2 mesoporous single-crystal shows a higher conductivity
and electron mobility.

3.3. Theoretical Guidance

With the rapid development of modern calculation and simulation, computational material
methods based on diverse scale, such as finite element, large scale molecular dynamics (MD) simulation,
and density functional theory (DFT) are becoming more and more powerful to provide fundamental
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insights into experimental results, and more importantly, design and predict the performance of
novel functional materials. With the assistance of theoretical methods, it is possible to understand the
nucleation, growth, surface properties in liquid and gas environment, which is important to realize
controllable synthesis and optimize physical/chemical properties of the nanomaterials [60–62].

The equilibrium morphology of a crystal is given by the standard Wulff construction, which
depends on the surface/interface properties. Barnard and Curtiss investigated the effects of surface
chemistry on the morphology of TiO2 nanoparticles by using a thermodynamic model based on surface
free energies and surface tensions obtained from DFT calculations. In the condition of hydrated,
hydrogen-rich, and hydrogenated surfaces, the shape of anatase and rutile nanoparticles vary little,
however, in the case of hydrogen-poor and oxygenated surfaces, the anatase and rutile nanocrystals
become elongated. The results show that the exposed facets of the TiO2 nanocrystals can be controlled
through modifying the surface acid-base chemistry.

Besides the acid-base condition, heterogeneous atoms or surfactant adsorption can also affect the
surface and interface structures. Based on DFT calculations, Yang et al. [43] systematically studied the
adsorption of a wide range of heterogeneous non-metallic atoms X (X = H, B, C, N, O, F, Si, P, S, Cl, Br,
or I) on {001} and {101} facets of anatase TiO2 crystals (Figure 4). The results show that the adsorption
of F atoms not only decreases the surface energy for both the (001) and (101) surfaces, but also results in
the fact that (001) surfaces are more stable than (101) surfaces, i.e., the F adsorption is favorable for the
formation of (001) facets in anatase TiO2. The theoretical results inspire intense studies on the surface
structure control of TiO2 crystals. Experimentally, a mixture containing titanium tetrafluoride (TiF4)
aqueous solution and hydrofluoric acid was hydrothermally reacted, to generate the truncated anatase
bipyramids, and anatase TiO2 single crystals with a high percentage of {001} facets were obtained.

Figure 4. Theoretical calculation guides the modification of surface/interface structures. (a–f) Slab
models and calculated surface energies of anatase TiO2 (001) and (101) surfaces. (a,b) Unrelaxed, clean
(001) and (101) surfaces; (c,d) Unrelaxed (001) and (101) surfaces surrounded by adsorbate X atoms;
(e) Calculated energies of the (001) and (101) surfaces surrounded by X atoms; and, (f) Plots of the
optimized value of B/A and percentage of {001} facets for anatase single crystals with various adsorbate
atoms X. Here, the parameters of A and B are the lengths of the side of the bipyramid and the side of
the square {001} “truncation” facets (see the geometric model). The value of B/A describes the area
ratio of reactive {001} facets to the total surface. (g,h) SEM images and statistical data for the size and
truncation degree of anatase single crystals (Reproduced with permission from [43], Copyright Nature
Publishing Group, 2008).

4. Applications of Surface/Interface Engineered TiO2 Micro and Nano Structures

Surface and interface structures of TiO2 materials play important roles in multiple
physical/chemical processes. Herein, we will highlight the recent progress in the research activities
on the surface/interface engineered TiO2 micro and nano structures that are used for photocatalysis
(including photocatalytic degradation of organic contaminants, photocatalytic hydrogen evolution,
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photocatalytic CO2 reduction, antimicrobial, and self-cleaning), lithium/sodium ion batteries, and
Li–S batteries.

4.1. Photocatalysis

There are four main steps involved in heterogeneous photocatalysis process (Figure 5a):
(1) light absorption; (2) the generation and separation of photoexcited electrons and holes; (3) the
migration, transport, and recombination of carriers; and, (4) surface catalytic reduction and oxidation
reactions. The overall photocatalysis efficiency is strongly dependent on the cumulative effects of
these four consecutive steps. Among different photocatalyst materials, TiO2 is considered to be a
remarkable photocatalyst due to the notable merits such as nontoxicity, biological compatibility, and
universality. Since the photocatalytic reaction is a surface or interface sensitive process, control of the
surface/interface structures in TiO2 materials provides a possible way to improve the light absorption
and visible light usage, and facilitate the carrier separation, resulting in enhanced photocatalytic
properties. Many attempts have been carried out to modify the surface or interface structures of TiO2

materials, such as exposed crystallographic plane tuning, defect engineering, interface construction,
and so on (Figure 5b–d). In the following, we will discuss the effects of those surface/interface
modifications on the photocatalytic degradation of organic contaminants, photocatalytic hydrogen
evolution, and photocatalytic CO2 reduction. Other environmental applications such as antimicrobial
and self-cleaning are also briefly discussed.

Figure 5. (a) Different stages in heterogeneous photocatalysis (Reproduced with permission from [63],
Copyright The Royal Society of Chemistry, 2016); surface/interface engineered TiO2 structures for
photocatalytic improvement: (b) crystallographic plane tuning (Reproduced with permission from [64],
Copyright American Chemical Society, 2014), (c) defects engineering (Reproduced with permission
from [65], Copyright Elsevier B.V., 2016), and (d) creating interfaces in TiO2 nanostructures (Reproduced
with permission from [66], Copyright Elsevier B.V., 2017).

4.1.1. Photocatalytic Degradation of Organic Contaminants

With a rapidly growing world population and expanding industrialization, the development of
new materials, techniques, and devices those can provide safe water and air is important to the societal
sustainability. Semiconductor photocatalysis has been utilized as an ideal way to degrade various
organic contaminants in water and air.

51



Nanomaterials 2017, 7, 382

Edy et al. [67] synthesized free-standing TiO2 nanosheets with different thickness via atomic layer
deposition on a dissolvable sacrificial polymer layer. The photocatalytic performance was evaluated
for photocatalytic degradation of methyl orange under UV light irradiation. The photocatalytic
activity increases with increasing the thickness, which may be due to the existence of Ti3+ defect and
locally ordered domain structures in the amorphous nanosheets. TiO2 nanostructures with exposed
highly reactive facets, for example, anatase TiO2 nanosheets with {001} facets, are desirable for the
photocatalytic enhancement. Those thin nanosheets are prone to aggregate during the practical
usage, which results in the loss of photocatalytic activity. Assembly the individual nanostructure
into hierarchical architecture can not only suppress the aggregation of micro/nanoscale building
blocks, but also increase specific surface area and the amount of active reaction sites, and reduce the
diffusion barrier. We synthesized anatase TiO2 hollow microspheres assembled with high-energy
{001} facets via a facile one-pot hydrothermal method [68]. The percentage of exposed {001} facets
on the microspheres was estimated to be about 60%. The photocatalytic ability was evaluated by
photodegradation of methylene blue under UV light. The photocatalytic degradation reaction follows
pseudo-first-order kinetics among the studied samples. The apparent photochemical degradation
rate constant for the hierarchical TiO2 structures is 4.07 × 10−2 min−1, which is faster than that of
control samples (TiO2 powders (Degussa, P25), 3.11 × 10−2 min−1; porous TiO2 powders, 2.76 × 10−2

min−1; the etched TiO2 spheres, 2.17 × 10−2 min−1; the irregular TiO2 product, 0.86 × 10−2 min−1).
The good photocatalytic activity of the hierarchical TiO2 structures is associated with the hollow
structures with bimodal mesopore size distribution and relatively large Brunauer–Emmett–Teller (BET)
surface areas. Xiang et al. [69] synthesized a kind of hierarchical flower-like TiO2 superstructures by
alcohothermal treatment method. The superstructures consisted of anatase TiO2 nanosheets with 87%
exposed (001) facets. Photocatalytic oxidative decomposition of acetone was evaluated in air under
UV light. The results show that the photocatalytic activity of the flower-like TiO2 superstructures was
better than that of P25 and tubular shaped TiO2 particles. The synergetic effect of highly exposed (001)
facets hierarchically porous structure, and the increased light-harvesting capability is responsible for
the enhanced photocatalytic ability.

Besides the exposed high energy facets, the introduction of suitable defect structures in
TiO2 materials can obviously influence the light absorption and the separation of photogenerated
electron-hole pairs [70–72]. Cao et al. [70] fabricated mesoporous black TiO2 spheres with high
crystallinity by a facile evaporation-induced self-assembly method combined with mild calcinations
after an in-situ hydrogenation under an argon atmosphere. The results indicated that the prepared
sample was uniform mesoporous black spheres with Ti3+ and N co-doping. The visible-light-driven
photocatalytic degradation ratio of methyl orange was up to 96%, which was several times higher
than that of pristine TiO2 material. The excellent photocatalytic activity was due to Ti3+ and N doping,
which resulted in high visible light utilization and enhanced separation of photogenerated charge
carriers, and the mesoporous network structures.

Generating interface structures by depositing plasmonic-metal nanostructures (Ag, Pt, Au,
etc.) on TiO2 materials can increase the generation rate of energetic charge carriers and result in
a higher probability of redox reactions [73–76]. By using successive ion layer adsorption and reaction,
Shuang et al. [73] synthesized TiO2 nanopillar arrays with both Au and Pt nanoparticles (~4 nm)
decoration. Due to the electron-sink function of Pt and surface plasmon resonance of Au nanoparticles,
the charge separation of photoexcited TiO2 was improved. The obtained Au/Pt nanoparticles decorated
TiO2 nanopillar arrays showed a much higher visible and UV light absorption response, which lead to
remarkably enhanced photocatalytic activities in the degradation of methyl orange.

4.1.2. Photocatalytic Hydrogen Evolution

Hydrogen energy is one of the most promising green fuels. Since the first discovery of
photoelectrochemical water splitting by Fujishima and Honda in 1972, hydrogen production directly
from water and sunlight on semiconductor materials has been intensively investigated [3]. Although
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numerous semiconductor materials have been explored as photocatalysts to produce hydrogen, TiO2

remains one of the most studied materials for photocatalytic H2 evolution due to the main merits of
nontoxic and chemical stability.

Highly reactive exposed facets of TiO2 nanostructures are related to the photocatalytic activity
enhancement. For example, Wu et al. [77] synthesized mesoporous rutile TiO2 single crystal with
wholly exposed {111} facets by a seeded-template method. Fluoride ions in the solution played an
important role in stabilizing the high energy facet {111} of rutile TiO2. The ratios of exposed {110}
and {111} facets can be controlled by tuning the concentration of fluoride ions. The mesoporous
single crystal rutile TiO2 with wholly exposed {111} reactive facets exhibited a greatly enhanced
photocatalytic hydrogen generation. Zhang et al. [78] demonstrated that the TiO2 single crystal with a
novel four-truncated-bipyramid morphology could be synthesized by a facile hydrothermal reaction.
The resultant photocatalyst exhibited excellent hydrogen evolution activity from ethanol-water solution.
The exposure of both high-energy {001} oxidative and low-energy {101} reductive facets in an optimal
ratio are thought to be the key factors for the high photocatalytic activity. In another example,
anatase TiO2 nanoplates with exposed (001) facet were converted from the NH4TiOF3 nanoplates [79].
The obtained compact TiO2 nanoplates exhibited a high H2-production rate of 13 mmol·h−1·g−1 with
a H2-production quantum efficiency of 0.93% at 365 nm.

The influence of defect structures in TiO2 materials on photocatalytic H2-evolution is complicated.
For one thing, the defects could introduce additional states in the band gap, which cause the
recombination of carriers and the weakening of carriers’ oxidation and reduction capacities [80–83].
For another, subtly generating specific defects will facilitate the separating of the carriers. Recently,
Wu et al. [80] prepared yellow TiO2 nanoparticles with ultra-small size of ~3 nm. Simulated solar light
driven catalytic experiments showed that the evolved H2 for the yellow TiO2 was ~48.4 μmol·h−1·g−1,
which was ~3.7 fold when comparing to that of the normal TiO2 (~13.1 μmol·h−1·g−1) at the same
experimental conditions. It is suggested that the significantly improved H2-evolution activity can be
attributed to the coexistence of titanium vacancies (acceptor) and titanium interstitials (donor) in the
TiO2 materials, which is beneficial for the spontaneous separation of photo-generated charge-carriers.
When compared to the complex steps that are required to accurately control of the defects, the
passivation of the defect states with elemental doping would be more direct. Recent works show that
Mg doping could eliminate the intrinsic deep defect states and weaken the shallow defect states in
TiO2 materials [83]. The result was confirmed by the transient infrared absorption-excitation energy
scanning spectroscopic measurement. The photocatalytic over-all water splitting measurements
showed the H2 and O2 evolution rates can be as high as 850 and 425 μmol·h−1·g−1 under Air Mass
(AM) 1.5 G irradiation and the apparent quantum efficiency of 19.4% was achieved under 350 nm
light irradiation.

Rational creating hetero- or homo-interfaces can achieve high-performance photocatalytic
hydrogen evolution. When compared to the pure crystalline and amorphous TiO2 film, high electron
concentration and mobility can be concurrently obtained at the homo-interface between crystalline and
amorphous layers in a bilayer TiO2 thin film. Therefore, extraordinary properties could be explored
in well-designed interfaces with homogeneous chemical composition. By creating a crystalline Ti3+

core/amorphous Ti4+ shell structure, Yang et al. [84] successfully activated rutile TiO2 material with
efficient photocatalytic hydrogen evolution properties. The average hydrogen evolution rate was
enhanced from 1.7 for pure TiO2 to 268.3 μmol·h−1 for TiO2 with homointerface structures. The origin
of the activation was attributed to the regulated the transport behaviors of holes and electrons from
the bulk of a particle to the surface by suppressing the transport of electrons in the conduction band
and facilitating the transport of holes in the valence band. In addition, hetero-interfaces between TiO2

materials and other semiconductor or metal nanostructures, including carbon, Si, NiO, ZnS, CdS, MoS2,
MoC2, layered double hydroxides, and plasmonic metals, has been extensively investigated [85–91].
As an example, Wu et al. [85] reported that anisotropic TiO2 overgrowth on Au nanorods could be
obtained by selective spatial assembly and subsequent hydrolysis. Plasmon-enhanced H2 evolution
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under visible/near-infrared light irradiation has been demonstrated. The Au nanorod-TiO2 interface
with the Au nanorod side exposed, as a Schottky junction, can filter out surface plasmon resonance hot
electrons from the Au nanorod, which is crucial to boosting the H2 evolution performance.

4.1.3. Photocatalytic CO2 Reduction

Due to the increasing consumption of conventional fossil fuels, the concentration of greenhouse
gas, especially CO2, steadily grows over years. Solar-light-driven reduction of CO2 to useful chemical
fuels (such as CH4, HCO2H, CH2O, and CH3OH) is a promising solution for the serious environmental
and energy problems. In the process of photocatalytic CO2 reduction, typical steps including
adsorption of CO2, generation of electron-hole pair, separation and migration of electron-hole pair,
and the reduction of CO2 are involved. Since CO2 molecules are highly stable, only the electrons
with sufficient reduction potential can be utilized to trigger CO2 reduction reactions, and suitable
photocatalyst is required to decrease the high reaction barrier. Among a wide range of metal and
semiconductor photocatalysts for CO2 reduction, TiO2 materials has attracted much attention due
to the advantageous of high reduction potential, low cost, and high stability. The activity, selectivity,
and durability of TiO2 photocatalysts for CO2 reduction is related to the efficiency of electron-hole
separation and light utilization ability, which are very sensitive to the surface structure, atomic
configuration, and chemical composition of the photocatalysts. For example, different kinds of metals
(transition, rare, alkali earth metals) have been studied as doping to improve the photocatalytic
activity for CO2 reduction [92–94]. When compared to the metal doping method, which usually
suffers from photocorrosion problem, non-metal (carbon, nitrogen, iodine, sulfur, etc.) doping has
attracted more attention [95]. However, a large amount of non-intrinsic defects often generated during
the doping and created electron-hole recombination centers at the same time. Herein, we mainly
focus on surface/interface modification to enhance the performance of TiO2 photocatalysts towards
CO2 reduction.

Yu et al. [64] investigated the effect of different exposed facets of anatase TiO2 crystals on the
photocatalytic CO2 reduction activity. By using a simple fluorine-assisted hydrothermal method, they
synthesized anatase TiO2 with different ratios of the exposed {101} and {001} facets. The results showed
that the photocatalytic activity of the anatase TiO2 with the optimized ratio of exposed {001} to {101}
facet (55:45) was ~4 times higher than that of P25 powder. They ascribed the enhancement to a concept
of “surface heterojunction”. Electron and hole are driven to the {101} and {001} facets, inducing the
seperation of electron and hole. It is worth mentioning that surface atomic and defect structures on
different facets should also contribute the photocatalytic CO2 reduction processes. Truong et al. [96]
synthesized rutile TiO2 nanocrystals with exposed high-index facets through solvothermal reaction by
using a water-soluble titanium-glycolate complex as a precursor. Structural characterizations showed
that each branched nanocrystal was bound by four facets of high-index {331} facets, and rutile {101}
twinned structures were formed in the boundary of branches. The photocatalytic CO2 reduction to
methanol showed a significantly higher activity was achieved in the synthesized nanostructures due
to the abundant surface defects on the high energy facets.

Generating oxygen vacancies is effective to modulate the electronic/optical properties, and
thus optimize diverse applications of metal oxides. Generally, bulk oxygen vacancies formed a
middle sub-band in the forbidden gap, which made TiO2 response to the visible light, and those
bulk oxygen vacancies also acted as the electron-hole recombination centers. The surface oxygen
vacancies not only showed a strong response to the visible light, but also acted as the capture traps
to inhibit electrons-holes recombination. By adjusting the concentration ratio of the surface and
bulk oxygen vacancies, it is possible to improve the photocatalytic efficiency of TiO2 nanostructures.
Li et al. [66] compared the effects of oxygen vacancies in TiO2 nanocrystals on the photoreduction of
CO2. By choosing the precursors and post-treatment conditions, they obtained three kinds of TiO2

materials with different oxygen vacancies, i.e., TiO2 with surface oxygen vacancies (TiO2-SO), TiO2 with
bulk single-electron-trapped oxygen vacancies (TiO2-BO), and TiO2 with mixed vacancies (TiO2-SBO).
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By analyzing the lifetime and intensity by positron annihilation, the efficiency of photocatalytic CO2

reduction improved with the increase of the ratio of surface oxygen vacancies to bulk ones. The results
revealed the critical role of surface/bulk defects in photocatalytic properties.

Similar to the case of photocatalytic hydrogen evolution, creating metal- or semiconductor- TiO2

interface via different post-deposition or in-situ forming methods has been demonstrated to be effective
to improve the light harvesting and the separation of charged carriers, which are also important for
the photoreduction of CO2. Specifically, Schottky barrier can be formed when the Fermi level of the
deposited metals are lower than the conduction band of the TiO2 materials, which is favorable for
the spatial separation of electron-hole pairs. Platinum, which possesses a suitable work function,
is one of the most commonly used metal co-catalyst to improve the CO2 reduction performance of
TiO2 photocatalysts. However, worldwide limited source and the consequent high price of platinum
seriously hinder the large scale applications. The deposition of plasmonic nanostructures of metals such
as silver and gold on TiO2 materials has been extensively studied due to the surface plasmon resonance
(SPR) effect, which shows important role in improving the photocatalytic activity for CO2 reduction.

4.1.4. Other Environmental Applications

The essence of antimicrobial by using TiO2 materials is a photocatalysis process. Therefore,
the above surface/interface engineering towards photocatalytic enhancement can also be applied
in the antimicrobial studies. Xu and co-workers [97] modified the aligned TiO2 nanotubes via a
thin layer of graphitic C3N4 material by a chemical vapor deposition method. Due to the synergetic
effect, the bactericidal efficiency against Escherichia coli irradiated by visible-light has been improved.
Recently, self-cleaning materials have gained much attention in energy and environmental areas.
The self-cleaning properties can be achieved by morphology design to form either hydrophilic or
hydrophobic surfaces [98]. Previous works show that the hydrophilic or hydrophobic properties
can be controlled by the photocatalytic process [99], making it possible to couple photocatalysis
and photoinduced wettability to improve self-cleaning properties in a controllable way. TiO2 is
such a material that shows photocalytic self-cleaning activity. Interface formation via heterojunction
or heterostructure [100,101], surface modification [102], and elemental doping [103,104] are typical
methods to improve photocatalytic and self-cleaning activities of TiO2 materials.

4.2. Lithium/Sodium Ion Batteries

Rechargeable lithium ion battery is one of the most important energy storage devices for a
wide range of electron devices. The properties of electrode materials play an important role in
the final performance of lithium ion batteries. Among the many potential electrode candidates,
titanium dioxides with different phases have attracted much attention due to the abundance of raw
materials and environmental benignity. Although the theoretical specific capacity of titanium dioxides
(335 mA·h·g−1, based on the reaction TiO2 + xLi+ + xe− ↔ LixTiO2, x~0.96) is comparable to that of
commercial graphite (372 mA·h·g−1), these materials possess a higher operating voltage platform than
that of graphite, which is favorable for inhibiting the formation of lithium dendrite and solid-electrolyte
interphase (SEI) layer. Moreover, the minor volume variation during cycling ensures a good cycling
stability. It should be noted that the unsatisfied electronic conductivity and sluggish ion diffusion
hinder the high-rate applications of these materials. The size, shape, composition, and assembly of
TiO2 anodes are studied to optimize the lithium storage properties.

Recent works also show that nanoscale surface/interface design in TiO2 nanostructures is
beneficial for improving the battery performance (Table 1), which are ascribed to the advantages
of micro and nano architectures. For example, theoretical and experimental results demonstrated
that lithium insertion was favored on the high-energy {001} facets in anatase phase, because of the
open structure, as well as short path for ion diffusion. Since the first synthesis of anatase phase with
exposed {001} facets by Yang et al. [43], extensive studies have been reported on the synthesis of TiO2

anodes with exposed {001} facets. Although the obtained anatase nanostructures possess sheetlike
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morphology exposed with {001} facets, the samples tend to over-lap to reduce the total surface energy.
It is therefore important to prevent the aggregation of anatase nanosheets with exposed {001} facets.
By using a simple one-pot solution method, we successfully obtained three-dimensional (3D) anatase
TiO2 hollow microspheres, which were constituted by {001} facets (Figure 6a) [105]. In the synthesis,
a mixture containing Ti powder, deionized water, hydrogen peroxide, and hydrofluoric acid was
subjected to hydrothermal reaction at a temperature of 180 ◦C. The addition of hydrofluoric acid and
hydrogen peroxide is critical for the formation of {001} facet assembly. The as-prepared sample shows
good lithium storage properties. After 50 cycles at a current density of 0.1 C (1 C = 335 mA·h·g−1), a
reversible capacity of 157 mA·h·g−1 can be retained, which is ~75% retention of the first reversible
capacity. Rate performance test show that the discharge capacity reaches about 156 mA·h·g−1 after the
first 10 cycles at the rate of 1 C, and then it slightly reduces to 135 and 130 mA·h·g−1 at the rates of 2
and 5 C, respectively. The electrode can still deliver a reversible capacity of 90 mA·h·g−1 even at a
high rate of 10 C. The electrode resumes its original capacity of about 150 mA·h·g−1 after 10 cycles
when the rate returns back to 1 C.

Table 1. Performance comparison of some lithium ion batteries and sodium ion batteries based on
typical titanium dioxide (TiO2) anodes (the voltage is versus Li+/Li or Na+/Na).

Material/[Reference]
Capacity (Cycles)

(mA·h·g−1)
Rate Capability

(mA·h·g−1)
Voltage (V)

Rutile TiO2 with quantum pits [50] 145 (80)@168 mA·g−1 102@1675 mA·g−1 1–3/Li
TiO2 microboxes [106] 187 (300)@170 mA·g−1 63@3400 mA·g−1 1–3/Li

Rutile TiO2 inverse opals [107] 95 (5000)@450 mA·g−1 - 1–3/Li
Faceted TiO2 crystals [108] 141.2 (100)@170 mA·g−1 29.9@1700 mA·g−1 1–3/Li

Nanosheet-constructed TiO2(B) [109] 200 (200)@3350 mA·g−1 216@3350 mA·g−1 1–3/Li
TiO2 hollow microspheres [105] 157 (50)@170 mA·g−1 90@1700 mA·g−1 1–3/Li
rutile TiO2 nanostructures [110] 190 (200)@102 mA·g−1 84.5@1700 mA·g−1 1–3/Li

nest-like TiO2 hollow microspheres [111] 152 (100)@1020 mA·g−1 130@3400 mA·g−1 1–3/Li
Co3O4 NPs@TiO2(B) NSs [112] 677.3 (80)@100 mA·g−1 386@1000 mA·g−1 0.01–3.0/Li

TiO2(B)@VS2 nanowire arrays [113] 365.4 (500)@335 mA·g−1 171.2@3350 mA·g−1 0.01–3.0/Li
Nb-doped rutile TiO2 Mesocrystals [114] 141.9 (600)@850 mA·g−1 96.3@6800 mA·g−1 1–3/Li
TiO2@defect-rich MoS2 nanosheets [115] 805.3 (100)@100 mA·g−1 507.6@2000 mA·g−1 0.005–3.0/Li

MoS2-TiO2 based composites [116] 648 (400)@1000 mA·g−1 511@2000 mA·g−1 0.005–3.0/Li
macroporous TiO2 [117] 181 (1000)@1700 mA·g−1 69@12.5 A·g−1 1–3/Li

porous TiO2 hollow microspheres [118] 216 (100)@170 mA·g−1 112@1700 mA·g−1 1–3/Li
porous TiO2(B) nanosheets [119] 186 (1000)@1675 mA·g−1 159@6700 mA·g−1 1–3/Li

graphene supported TiO2(B) sheets [120] 325 (10000)@500 mA·g−1 49@40 A·g−1 1–3/Li
mesoporous TiO2 coating on carbon [121] 210 (1000)@3400 mA·g−1 150@10.2 A·g−1 1–3/Li
Ti3+-free three-phase Li4Ti5O12/TiO2 [122] 136 (1000)@4000 mA·g−1 155.6@8 A·g−1 1.0–2.5/Li

Mesoporous TiO2 [123] 149 (100)@1000 mA·g−1 104@2000 mA·g−1 1–3/Li
Nanocrystalline brookite TiO2 [124] 170 (40)@35 mA·g−1 - 1–3/Li

Anatase TiO2 embedded with TiO2(B) [125] 190 (1000)@1700 mA·g−1 110@8500 mA·g−1 1–3/Li
TiO2-Sn@carbon nanofibers [126] 413 (400)@100 mA·g−1 - 0.01–2.0/Na

Double-walled Sb@TiO2-x nanotubes [127] 300 (1000)@2.64 A·g−1 312@13.2 A·g−1 0.1–2.5/Na
Carbon-coated anatase TiO2 [128] 180 (500)@1675 mA·g−1 134@3.35 A·g−1 0.05–2.0/Na

Nanotube arrays of S-doped TiO2 [129] 136 (4400)@3350 mA·g−1 167@3350 mA·g−1 0.1–2.5/Na
Amorphous TiO2 inverse opal [130] 203 (100)@100 mA·g−1 113@5 A·g−1 0.01–3.0/Na

Petal-like rutile TiO2 [131] 144.4 (1100)@837.5 mA·g−1 59.8@4187 mA·g−1 0.01–3.0/Na
Yolk-like TiO2 [132] 200.7 (550)@335 mA·g−1 90.6@8375 mA·g−1 0.01–3.0/Na

Blue TiO2(B) nanobelts [133] 210.5 (5000)@3350 mA·g−1 90.6@5025 mA·g−1 0.01–3.0/Na
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Figure 6. Typical TiO2 anodes and their lithium storage properties: (a) three-dimensional (3D)
anatase TiO2 hollow microspheres assembled with high-energy {001} facets (reprinted from [105]
with permission, Copyright The Royal Society of Chemistry, 2012); (b) Rutile TiO2 nanoparticles with
quantum pits (reprinted from [50] with permission, Copyright The Royal Society of Chemistry, 2016);
(c) Brookite TiO2 nanocrystalline (reprinted from [105] with permission, Copyright The Electrochemical
Society, 2007); (d) bunchy hierarchical TiO2(B) structure assembled by porous nanosheets (reprinted
from [119] with permission, Copyright Elsevier Ltd., 2017); and (e) Ultrathin anatase TiO2 nanosheets
embedded with TiO2(B) nanodomains (Reproduced with permission from [125], Copyright John Wiley
& Sons, 2015).

Rutile TiO2 is the most stable phase, which can be prepared at elevated temperatures, however,
rutile TiO2 in bulk form is not favorable for the lithium ions intercalation. When the size decreased
to nanoscale, rutile TiO2 phase possesses obvious activity towards the insertion of lithium ions even
at room temperature. However, some critical problems should be considered when using rutile
TiO2 nanostructures as anodes in lithium ion batteries, for example, particle aggregation and poor
rate capacity. To boost the lithium storage of rutile TiO2 anodes, the synthesis of micro and nano
configurations with optimized surface/interface and improved conductivity is an effective method to
overcome the above limitations. We synthesized rutile TiO2 nanoparticles by a simple solution reaction,
followed by annealing treatment (Figure 6b) [50]. The surface of each particle was etched to form
quantum-sized pits (average size 2–5 nm), which possessed more unsaturated bond and other defect
structures (for example steps, terraces, kinks, and others). The defective rutile TiO2 nanoparticles
provided more active sites for the storage of lithium ions and improved the electron conductivity as
well. As a consequence, the sample exhibited a specific capacity of ~145 mA·h·g−1 at a current density

57



Nanomaterials 2017, 7, 382

of 0.5 C with good rate capability (~102 mA·h·g−1 at 5 C) and cycling performance, demonstrating a
great potential for lithium ion battery applications.

Among the different TiO2 polymorphs that were investigated, a severe capacity fading was noted
for the brookite phase, although it exhibited nearly one mole of reversible lithium insertion/extraction
in its nanostructured form [123]. There has not been extensive research focused on developing such
an anode. Reddy et al. [124] demonstrated intercalation of lithium into brookite TiO2 nanoparticles
(Figure 6c). Electrochemical test and ex-situ x-ray diffraction (XRD) studies showed that the structure
was stable for lithium intercalation and deintercalation although the intercalation/deintercalation
mechanism was not clear. Cycling performance of brookite TiO2 performed at C/10 rate in the voltage
window 1.0–3.0 V showed that there is a gradual loss of capacity in the initial 10 cycles, and the capacity
is fairly stable at 170 mA·h·g−1 on further cycling. In contrast to other TiO2 polymorphs, the TiO2(B)
phase possesses relatively more open crystal structure, which allows for the facile insertion/extraction
of lithium ions. Moreover, a lower operating potential (~1.55 V vs. Li) when compared to the anatase
TiO2 (~1.75 V vs. Li), an improved reversibility, and a high rate capability make TiO2(B) phase a
promising candidate for lithium storage. Li et al. [119] reported on the orderly integration of porous
TiO2(B) nanosheets into bunchy hierarchical structure (TiO2(B)-BH) via a facile solvothermal process
(Figure 6d). Benefiting from the unique structural merits, TiO2(B)-BH exhibited a high reversible
capacity, long-term cycling stability (186.6 mA·h·g−1 at 1675 mA·g−1 after 1000 cycles), and a desirable
rate performance.

Recently, Jamnik and Maier proposed that it was possible to store additional lithium at the
interface of nanosized electrodes, which included solid–liquid (electrode-electrolyte) interface and
solid–solid interface between the electrodes (Figure 6e) [125,134]. The interfaces can accommodate
additional Li ions, leading to a rise of total Li storage. Meanwhile, an additional synergistic storage is
favored if the electrode material is made of a lithium ion-accepting phase and an electron-accepting
phase, which is beneficial for charge separation (“Job-sharing” mechanism). Along this line, Wu et
al. [125] synthesized a new kind of microsphere that was constructed by ultrathin anatase nanosheets
embedded with TiO2(B) nanodomains, which contained a large amount of interfaces between the two
phases. The hierarchical nanostructures show capacities of 180 and 110 mA·h·g−1 after 1000 cycles
at current densities of 3400 and 8500 mA·g−1. The ultrathin nanosheet structure, which provides
short lithium diffusion length and high electrode/electrolyte contact area also accounts for the high
capacity and long-cycle stability. This study highlights the importance of smart design in the interface
structures in the nanoelectrodes.

Although the development and commercialization of lithium ion batteries have gained great
success in the past years, one severe drawback of lithium ion batteries is the limited lithium resource
in the Earth’s crust and its uneven geographical distribution. In this regard, sodium ion batteries
have attracted particular attention due to the obvious advantages, including high earth-abundance
of sodium, and lower cost vs. lithium ion batteries. In addition, the sodium chemistry is similar as
the case of lithium, so the previously established surface/interface engineering strategies for titanium
dioxides electrode design in lithium ion batteries system can be transferred to and expedite the sodium
ion battery studies. Longoni et al. [39] systematically studied the role of different exposed crystal facets
of the anatase nanocrystals on the sodium storage properties. By employing a surfactant-assisted
solvothermal route, they synthesized anatase TiO2 nanostructures with three different morphologies
(Rhombic elongated (RE), rhombic (R), and nanobar (NB)), which showed obvious differences in crystal
face type exposition. Their electrochemical performance results, together with theoretical analysis,
showed that an overcoordinated state of Ti atoms on the crystal surface (low energy density (101) facets
of NB and R moieties) strongly inhibits the sodium uptake, while a Goldilocks condition seems to occur
for crystalline faces with intermediate energy densities, like (100) in RE. Zhang et al. [131] reported a
smart design of the assembly and interface of rutile TiO2, and fewer layer graphene by using carbon
dots as designer additives. The resultant graphene-rich petal-like rutile TiO2 showed outstanding
sodium-storage properties. At a rate of 0.25 C (83.75 mA·g−1) after 300 cycles, a high capacity of
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245.3 mA·h·g−1 was obtained, even at a high current density of 12.5 C (4187.5 mA·g−1), a considerable
capacity of 59.8 mA·h·g−1 can still be maintained. Notably, the reversible capacity up to 1100 cycles at
a current density of 2.5 C (837.5 mA·g−1) can still reach 144.4 mA·h·g−1; even after 4000 cycles at 10 C
(3350 mA·g−1), a capacity retention of as high as 94.4% is obtained. Zhang et al. [133] demonstrated
the positive function of oxygen vacancies in TiO2(B) nanobelts for the enhancement of sodium storage.
The sample displayed the significantly superior sodium-storage properties, including a higher capacity
(0.5 C; 210.5 mA·h·g−1 vs. 102.7 mA·h·g−1), better rate performance (15 C; 89.8 vs. 36.7 mA·h·g−1), as
compared to those of pristine TiO2(B) electrodes without oxygen vacancies.

4.3. Li–S Batteries

Li–S batteries possess exceptionally high theoretical energy densities ~2600 Wh·kg−1 vs.
580 Wh·kg−1 of today’s best batteries. Li–S batteries contain low cost materials, sulfur is highly
abundant, and the anode consists of lithium metal and does not limit the capacity. Today’s Li–S
technology falls short in energy density and lifetime because of the limited sulfur loading in the
cathode, due to the poor conductivity of sulfur deposits, because of the solvation into the electrolyte of
the discharge products (i.e., LixSy polysulfides), and finally because of the large volume expansion of
sulfur during the battery cycling affecting the cathode integrity.

Cathodes with high surface area and high electronic conductivity are crucial to improve sulfur
loading and rate performance of Li–S batteries. The polysulfides “shuttle” phenomena, via the
solvation of the polysulfides in the electrolyte, gradually decrease the mass of active material, leading
to continuous fading in capacity and must be avoided. Therefore, the candidate cathodes should have
a porous and conductive nature, as well as suitable interactions with polysulfides simultaneously.
To overcome those obstacles, a wide range of strategies has been developed, including encapsulation
or coating of the sulfur electrode, use of impermeable membranes, and/or the use of electrolytes that
minimize the solubility and diffusivity of the polysulfides. However, none of these solutions has
led to acceptable results, fulfilling all of the requirements. For example, the main disadvantage of
widely used porous conductive carbon electrodes lies in weak physical confinement of lithium sulfides,
which is insufficient to prevent the diffusion and shuttling of polysulfides during long-term cycling.
Therefore, ideal electrodes should not only possess porous and conductive nature, but also suitable
interactions with polysulfides.

On a typical carbon support (Figure 7a), elemental sulfur undergoes reduction to form lithium
polysulphides that then dissolve into the electrolyte. In the presence of a polar metal oxide as witnessed
for titanium oxides, however, the solvation of the polysulfides is significantly affected (Figure 7b).
Not only is the concentration of polysulphides in solution that greatly diminished during discharge, but
also a slow, controlled deposition of Li2S is observed. The results are ascribed to the interface-mediated,
spatially controlled reduction of the polysulphides. Yu et al. [136] studied the interactions between
intermediate polysulphides, final discharge product Li2S and stable TiO2 surface (anatase-TiO2 (101),
rutile-TiO2 (110)) via theoretical simulation (Figure 7c–f). Their results show that the binding strength
of the polysulphides to the anatase-TiO2 (101) surface (2.30 eV) is a little higher than to rutile-TiO2 (110)
surface (2.18 eV), and the binding energy of Li2S to the anatase-TiO2 (101) surface (3.59 eV) is almost
the same as with the rutile-TiO2 (110) surface (3.62 eV). The values are larger than the adsorption
binding energies for Li–S composites on graphene (<1 eV), highlighting the efficacy of TiO2 in binding
with polysulfide anions via polar–polar interactions.
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Figure 7. The interaction between sulfur or lithium polysulphides and electrodes. (a) On reduction of
S8 on a carbon host, Li2SX desorb from the surface and undergo solution-mediated reactions leading
to broadly distributed precipitation of Li2S; (b) On reduction of S8 on the metallic polar Ti4O7, Li2SX

adsorb on the surface and are reduced to Li2S via surface-mediated reduction at the interface (reprinted
from [135] with permission, Copyright Nature Publishing Group, 2014); Adsorption configuration
of (c,d) Li–S* and (e,f) Li2S on the (c,e) anatase-TiO2 (101) surface and (d,f) rutile-TiO2 (110) surface
(Reproduced with permission from [136], Copyright The Royal Society of Chemistry, 2016).
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Experimentally, Cui et al. [137] designed a unique sulfur-TiO2 yolk-shell architecture as a sulfur
cathode, and obtained an initial specific capacity of 1030 mA·h·g−1 at 0.5 C (1 C = 1673 mA·g−1)
and Coulombic efficiency of 98.4% over 1000 cycles. Impressively, the capacity decay at the end of
1000 cycles is found to be as small as 0.033% per cycle (3.3% per 100 cycles). The excellent properties
were ascribed to the yolk–shell morphology, which accommodates the large volumetric expansion of
sulfur during cycling, thus preserving the structural integrity of the shell to minimize polysulphide
dissolution. Based on the knowledge of chemical interactions between polysulphides and titanium
oxides, a wide range of methods have been performed to optimize configuration of sulfur-titanium
oxide cathodes. Typical examples include design and synthesis of porous titanium oxides high-surface
area, crystalline facts engineering, conductivity enhancement by adding conductive agents (such as
carbon fibers, graphene, conductive polymers) into the titanium oxide nanostructures or through
annealing in inert/H2 atmosphere. In this regard, Lou et al. [40] synthesized a sulfur host containing
titanium monoxide@carbon hollow nanospheres (TiO@C-HS/S), which possess the key structural
elements (i.e., high surface area, conductive, interactions with polysulfides) that are required for
high-performance cathodes simultaneously (Figure 8). The TiO@C/S composite cathode delivered
high discharge capacities of 41,100 mA·h·g−1 at 0.1 C, and exhibited stable cycle life up to 500 cycles at
0.2 and 0.5 C with a small capacity decay rate of 0.08% per cycle. The Li–S batteries performance based
on typical titanium oxides are summarized in Table 2.

Table 2. Comparison of Li–S batteries performance based on typical titanium oxides electrode (the
voltage is versus Li+/Li).

Material/[Reference]
Capacity (Cycles)

(mA·h·g−1)
Rate Capability

(mA·h·g−1)
Sulfur

Loading (%)
Voltage (V)

TiO@carbon [40] 750 (500)@335 mA·g−1 655 @3.35 A·g−1 ~70 1.9–2.6
Ti4O7/S [135] 1070 (500)@3350 mA·g−1 - 70 1.8–3.0

TiO2/N-doped graphene [136] 918 (500)@1675 mA·g−1 833 @6.7 A·g−1 59 1.7–2.8
S–TiO2 yolk–shell [137] 1030 (1000)@837 mA·g−1 630 @3.35 A·g−1 62 1.7–2.6

TiO2-porous carbon nanofibers [138] 618 (500)@1675 mA·g−1 668 @8.375 A·g−1 55 1.7–2.6
TiO2-carbon nanofibers [139] 694 (500)@1675 mA·g−1 540 @3.35 mA·g−1 68.83 1.7–2.8

TiO2/graphene [140] 630 (1000)@3350 mA·g−1 535 @5.025 A·g−1 51.2 1.6–2.8
Porous Ti4O7 particles [141] 989 (300)@167.5 mA·g−1 873 @1.675 A·g−1 50-55 1.8–3.0

Polypyrrole/TiO2 nanotube arrays [142] 1150 (100)@167.5 mA·g−1 - 61.93 1.8–3.0
Graphene-TiO2 NPs [143] 663 (100)@1675 mA·g−1 - 75 1.7–2.8

TiO2 nanowire/graphene [144] 1053 (200)@335 mA·g−1 - 60 1.5–2.8
graphene/TiO2/S [145] 597 (100)@1675 mA·g−1 - 60 1.5–3.0
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Figure 8. Schematic illustration of the synthesis process and electrochemical properties of TiO@C-HS/S
composites. (a) Nyquist plots before cycling from 1 MHz to 100 mHz; (b) the second-cycle galvanostatic
charge/discharge voltage profiles at 0.1 C; (c) cycle performances at 0.1 C; (d) rate capabilities; and (e)
the potential differences between the charge and discharge plateaus at various current densities of the
TiO@C-HS/S, titanium dioxide@carbon hollow nanospheres/S composite (TiO2@C-HS/S), carbon coated
conductive TiO2-x nanoparticles/S composite (TiO2-x@C-NP/S), pure carbon hollow spheres/S composite
(C-HS/S) and TiO2 nanoparticles/S composite (TiO2-NP/S) electrodes. (f) Voltage profiles at various
current densities from 0.1 to 2 C and (g) prolonged cycle life and Coulombic efficiency at 0.2 and 0.5C of
the TiO@C-HS/S electrode. (h) Areal capacities and (i) voltage profiles at various current densities from
0.335 (0.05 C) to 1.34 mA·cm−2 (0.2 C) of the TiO@C-HS/S electrode with high sulfur mass loading of
4.0 mg·cm−2 (reprinted from [40] with permission, Copyright Nature Publishing Group, 2016).
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5. Phase Stability of TiO2 Nanostructures

As a kind of chemically stable and environmentally compatible metal oxides, TiO2 nanostructures
show fantastic physical/chemical properties and find many practical applications, ranging from
energy conversion and storage, as mentioned above and others. The properties and applications
are determined by the structures of TiO2 materials, which is related to the external (temperature,
pressure, environment, etc.) and internal (composition, stain, etc.) factors. Overall, the relative
phase stability in ambient bulk form is TiO2(B) < anatase < brookite < rutile, and the specific
phase shows its unique applications. For example, anatase has been found to be the most active
phase in photocatalysis. TiO2(B) phase is more favorable for the insertion/extraction of lithium
ions due to the more open crystal structure when compared to the other TiO2 phases. Therefore,
it is of importance to understand the phase transformation on nanoscale and improve the phase
stability of the related TiO2 nanostructures. General thermodynamic investigation, computational
methods (including molecular dynamics simulations and DFT calculations), experimental routes
(XRD, calorimetry, electrochemical measurements, etc.) have been successfully employed to study
the phase stability and coarsening kinetics of the typical TiO2 phases under different environment
(dry, wet, hydrothermal conditions) [146]. Several excellent reviews describing the topics are available
elsewhere, and we do not discuss them in this paper.

With the decreasing of the size or dimension, surface and/or interface will dominate in the
nanostructure and play an important role in phase stability. Due to the nature of coordination
unsaturation, the atoms at the surface are more active than those within the interior. Therefore, surfaces
usually exhibit a lower stability relative to the lattice interior part. For example, the melting point of
free-standing nanoparticles is remarkably depressed relative to that of bulk phase (T0). Stabilizing the
surface atoms would be a way to improve the relative phase stability. Typically, when nanoparticles
are properly coated by or embedded in a matrix with higher melting point, the melting point of the
particles can be elevated above T0. Herein, we focus on the strategies of surface/interface engineering
to tune the phase stability in typical TiO2 nanostructures.

We systematically studied the crystallization and structural transformation from anatase to
rutile phase in the initial amorphous TiO2 nanowires embedded in anodic aluminum oxide with
different diameters (20, 50, and 80 nm, termed as TiO2-20, TiO2-50, and TiO2-80, hereafter) [16].
Electron microscopy analysis and XRD results showed that the crystallization of TiO2-20, TiO2-50, and
TiO2-80 from amorphous to anatase occurred at ~600, ~500, and ~400 ◦C, and the transformation from
anatase to rutile phase started at ~900, ~800, and ~750 ◦C (Figure 9). The results revealed a strong size
dependence of the thermal stability of TiO2 nanowires embedded the template. Control experiments
on amorphous TiO2 powder showed the crystallization and phase transformation temperatures were
~200 and ~600 ◦C, respectively.
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Figure 9. Typical transmission electron microscopy (TEM) images of the as-prepared and annealed TiO2

nanowires with diameters of (a) 20; (b) 50; and (c) 80 nm. The insets show corresponding selected area
electron diffraction (SAED) patterns (Reproduced with permission from [16], Copyright Springer, 2012).

To quantitatively study the nucleation and growth kinetics, in-situ high-temperature X-ray
diffraction technique was employed to track the transformation process from anatase to rutile phase.
In this method, the position and intensity of diffraction peaks change during the increasing and
decreasing temperatures, and thus provide an effective and direct way to trace the phase structure.
Taken TiO2-20 and TiO2 powder for typical examples, the transformed rutile phase showed an
exponential growth versus annealing time t, and the growth of the rutile was a thermally activated
process (Figure 10). The rutile growth activation energy (Eg) values of 2.8 ± 0.2 eV and 1.6 ± 0.2 eV
were determined in TiO2-20 and TiO2 power, respectively. Additionally, no obvious change of the rutile
size was observed in the initial stage of the studied temperature range, indicating that the increasing
of the rutile volume fraction was induced by the nucleation events. By analyzing the dependence
of nucleation rate on the annealing temperature, the rutile nucleation activation energy (En) values
of 2.7 ± 0.2 eV and 1.9 ± 0.2 eV were yielded for TiO2-20 and TiO2 power, respectively. The higher
nucleation and growth energy for TiO2-20 implied that the phase transformation from anatase to rutile
was inhibited, i.e. the thermal stability of the anatase phase was improved. Our theoretical work
showed the difference of thermal expansion coefficient between the nanoscale channel (aluminum
oxide) and the embedded TiO2 nanowire generated overpressure on the TiO2/Al2O3 interface during
annealing. The pressure can be estimated as ~0.13 GPa at 900 ◦C for TiO2-20 sample. The pressure
compressed the anatase surface and constrained the vibration of surface atoms, which were responsible
for the improvement of the anatase phase. By choosing suitable surface layers and other coating
techniques (such as Langmuir-Blodgett assembly, atomic layer deposition, etc.), this surface/interface
confinement strategy can also be used to improve the phase stability of other TiO2 polymorphs.
For example, Zazpe et al. [15] recently reported on a very obvious enhancement of the phase stability
of selforganized TiO2 nanotubes layers with amorphous structure, which are provided by thin Al2O3

coatings of different thicknesses prepared by atomic layer deposition. TiO2 nanotube layers coated
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with Al2O3 coatings exhibit significantly improved thermal stability, as illustrated by the preservation
of the nanotubular structure upon annealing treatment at high temperatures (870 ◦C). It is worth noting
that accompanying by phase transformation during annealing, TiO2 nanostructures also suffer from
the change in size, surface area, bandgap, and morphology [147], which are important parameters that
influence the applications and must be considered in the phase stability studies.

Figure 10. Nucleation and growth kinetics of nanocrystalline anatase to rutile. Annealing time
dependence of the size of the rutile in the (a) nanowire and (c) free-state powders at different
temperatures; Annealing temperature variations of the nucleation rate (NR) and the growth saturation
rate tE

−1 for rutile in the (b) nanowire and (d) free-state powders, respectively (Reproduced with
permission from [16], Copyright Springer, 2012).

Besides phase transformation among the different TiO2 polymorphs, surface atomic
rearrangement (reconstruction) also occurs to reach a more stable state at a certain environment
(temperature, pressure, atmosphere, humidity, etc.). Remarkably different physical/chemical
properties on the surface with respect to the bulk counterpart can be yielded by the reconstruction.
The environmental transmission electron microscopy (ETEM) technique allows for the direct imaging
of the samples that are placed in a specimen chamber that is high pressures attainable, which can be
achieved by either differential pumping systems or delicate TEM holder design [148]. Yuan et al. [149]
reported in-situ atomic scale ETEM observations of the formation and evolution of the (1 × 4)
reconstruction dynamics on the anatase TiO2 (001) surface under oxygen atmosphere. They firstly
cleaned the wet chemistry synthesized TiO2 nanosheets with the aid of e-beam irradiation at a
temperature of 500 ◦C in oxygen environment. On the cleaned TiO2 surface, the real-time dynamics for
the transition from metastable (1 × 3) and (1 × 5) to (1 × 4), and the unstable intermediate states were
observed and identified (Figure 11). The special reconstruction was driven by the lowly coordinated
atoms and surface stress. The results demonstrate the power of in situ real-time technique to study the
dynamic formation and evolution of surface structures.
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Figure 11. Atomic evolution of the (1 × n) reconstructions on anatase TiO2 (001) surface. (a) Sequential
HRTEM images of the dynamic structural evolution, viewed from [010] direction, with the red arrows
indicating the unstable states; (b) The statistical diagram of the locations of the TiOx rows with green
and red lines indicating the stable states and the unstable states; (c) Side view of the proposed model
for the unstable two-row state with the TiOx row shown as ball-and-stick (Ti, gray; O, red) on the TiO2

stick framework. The green and red arrows indicate the stable single-row and instable double-row
structures, respectively; (d,e) Experimental HRTEM image compared with the simulated image based
on the model in (c). (Reproduced with permission from [149], American Chemical Society, 2016).

6. Conclusions and Perspective

Recent years have witnessed explosive research and development efforts on TiO2 materials,
ranging from controllable synthesis to advanced characterizations and device applications. Although
the intrinsic properties, such as wide bandgap, rapid carriers recombination, poor electronic
conductivity, and coexistence of multiphases, hampered the practical applications of pristine TiO2

materials to some extent, the surface/interface modifications have been demonstrated as effective
routes to break the limitations, making it possible to be applied in diverse areas. This review article
summarized the main progress in engineering the surface/interface structures in TiO2 micro and nano
structures, discussed the effect of surface/interface structures on environmental and electrochemical
applications. Specifically, by tuning the exposed crystallographic planes, engineering defect structures,
and constructing interface in various TiO2 materials, the heterogeneous photocatalysis process,
including light absorption, the generation and separation of photoexcited carriers, the migration,
transport and recombination of carriers, and surface catalytic reactions can be well controlled
and optimized. As a result, the photocatalytic properties of TiO2 materials in the degradation of
organic contaminants, hydrogen evolution, CO2 reduction, antimicrobial, and self-cleaning are greatly
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improved. For the battery applications, engineering the surface/interface structures of TiO2 crystal not
only increase the sites for ion storage, but also improve the electron and ion conductivity. In Li–S battery
system, the interaction between sulfur cathodes and the surface of TiO2 host can also be adjusted
by surface/interface engineering. All of those factors are crucial for improving the specific capacity,
rate performance, and cycle durability. In addition, the phase transitions in TiO2 nanostructures and
possible strategies of improving the phase stability have been analyzed. Despite these impressive
advances, several challenges still remain.

(1) Developing novel synthesis and treatment methods. Despite great success has been obtained in
the controllable synthesis of TiO2 nanostructures with tailored micro and nano structures, there
is still room for improvement in terms of quality of the products. Moreover, the new methods
also provide opportunities to further understand the nucleation and growth.

(2) Control of the fine structures. High-index facets and defect sites are chemically active. However,
the synthesis of TiO2 nanocrystals with specific high-index facets is still a challenge. It is highly
desirable to synthesize facet-controllable TiO2 materials and further study the facet effect on
energy storage, conversion, and other applications. In addition, selectively generating defect
structures and controlling their concentrations in different TiO2 phases are significant to revel the
role of defects in various physical and chemical processes.

(3) In situ/operando study the dynamic evolution of the surface/interface. In situ/operando
spectroscopic or microscopic studies afford the chance to probe the evolution of TiO2

surface/interface structures in working conditions, which is crucial to study the complex phase
transformation and device stability.
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Abstract: TiO2-based composites have been paid significant attention in the photocatalysis
field. The size, crystallinity and nanomorphology of TiO2 materials have an important effect
on the photocatalytic efficiency. The synthesis and photocatalytic activity of TiO2-based materials
have been widely investigated in past decades. Based on our group’s research works on TiO2

materials, this review introduces several methods for the fabrication of TiO2, rare-earth-doped
TiO2 and noble-metal-decorated TiO2 particles with different morphologies. We focused on
the preparation and the formation mechanism of TiO2-based materials with unique structures
including spheres, hollow spheres, porous spheres, hollow porous spheres and urchin-like
spheres. The photocatalytical activity of urchin-like TiO2, noble metal nanoparticle-decorated 3D
(three-dimensional) urchin-like TiO2 and bimetallic core/shell nanoparticle-decorated urchin-like
hierarchical TiO2 are briefly discussed.

Keywords: TiO2-based materials; photocatalysis; nanomorphology; preparation

1. Introduction

Based on its unique chemical and physical characteristics, titanium dioxide (TiO2) has attracted
much attention in many fields including paint pigments, photocatalysis, solar cells, antibacterial
agents, electrical energy storage and some advanced functional materials [1–3]. The performance
in these applications strongly depends on the microstructure, crystallinity and nanomorphology
of TiO2 [1]. In particular, in the photocatalysis field, although a new type of polymeric
photocatalyst—that is, graphitic carbon nitride—has been intensively investigated recently due to
its huge advantages—including metal-free contents, visible light absorption ability, suitable band
gap for water splitting, stability, and being environmentally benign [4–7]—TiO2 is still regarded as
one of most ideal candidates for photocatalysis because of its strong oxidization, harmlessness to
surroundings, chemical inactivity, good stability and low cost [1,3,8,9]. There are three important
processes including photo excitation, bulk diffusion and the surface transfer of photoinduced charge
carriers in photocatalysis [8]. Thus, the performance of photocatalysis depends strongly upon the
charge transfer at the material surface and the light-response range of materials [1,10,11]. The processes
of light harvesting and charge transfer efficiencies are affected mainly by the size, crystallinity and
nanomorphology of TiO2 materials [1,8,10–14]. The preparation and photocatalytic properties of TiO2

with different morphologies including zero-dimensional (micro/nanospheres), one-dimensional (rods,
tubes, and nanowires), two-dimensional (films, layers and sheets), and three-dimensional (porous
spheres, urchin-like spheres) TiO2 structures have been widely investigated in the past decade [15–21].
Different ways have been developed for preparing TiO2 materials with different nanostructures.
The general synthesis approaches for the fabrication of TiO2 materials include sol-gel, hydrothermal
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and solvothermal techniques [1]. Controlling the microscopic structures of TiO2 is still a challenge
because TiO2 precursors are highly reactive.

Pure TiO2 is not a perfect photocatalyst due to the disadvantages of low photocatalytic efficiency
and the narrow light-response region [8]. Doping metal ions or introducing noble metal nanoparticles
onto the surface of TiO2 was demonstrated to be one of the effective ways to enhance the photocatalytic
efficiency because these TiO2-based composites can combine the functions of TiO2 and metal ions or
noble metals [22–25]. Furthermore, the properties of the composites can be adjusted by controlling the
ingredients and the microstructures of the TiO2.

In the past two decades, our group has focused on the synthesis, electrorheological (ER) properties,
luminescence properties and photocatalytic activities of TiO2-based materials [26–32]. A series of
TiO2-based materials with different compositions, crystallinity and interior microstructures have
been synthesized by different methods [33–36]. The TiO2 particles with a familiar microstructure,
such as solid spheres [37], hollow spheres [29], porous spheres [28,38], hollow porous spheres [39] and
urchin-like spheres [30], were synthesized and characterized in detail. In addition, some TiO2

composites with a special interior microstructure were also designed and synthesized [40–43].
According to the dielectric design, rare-earth-doped TiO2 particles were synthesized by sol-gel
methods [44–49]. Inspired by the structure of biological surfaces, a kind of composite particle
possessing both nano- and micro-scale structures was prepared via a hydrothermal method [50,51].
TiO2 particles with a cell-like structure were also synthesized [52]. It is noteworthy that the TiO2-based
materials described above show excellent properties in different applications. For example,
the rare-earth-doped TiO2, and the micro- or nano-structured composites with TiO2 have been
demonstrated to show a distinct enhancement in their ER properties [44,50–52]. The hollow
Sm3+-doped TiO2 and the monodisperse mesoporous Eu-doped TiO2 spheres have shown good
luminescent performance [28,29]. The urchin-like TiO2 and urchin-like TiO2 decorated with
Au, Ag, Co@Au or Co@Ag nanoparticles have shown significant improvement in photocatalytic
activities [30–32].

Until now, there have been many review articles introducing the progress made in the field of
TiO2-based materials [1–3,8]. Based on our group’s research work on TiO2 materials, this review is
primarily concentrated on the preparation of TiO2 composites with different morphologies and the
photocatalytic activities of urchin-like TiO2 composites.

2. Preparation of TiO2 and TiO2-Based Composites with Different Morphologies

2.1. Micro- and Nano-Spheres

2.1.1. Solid Spheres

Spherical particles with a specific size can be used in many fields, such as photonic crystals,
pigments, and so on [15]. In order to obtain monodisperse spherical TiO2 particles, many methods
have been developed. However, it is still a challenge to control the morphology and size of TiO2

microspheres because of the high reactivity of precursors. Increasing the charge of the particle surface
and the steric repulsion of the particles are effective methods of controlling the stability of TiO2

microspheres [53]. We have reported a simple and reproducible sol-gel method for synthesizing
well-defined spherical TiO2 particles with diameters within 200–800 nm. In this method, polymers
including polyethylene glycol (PEG), poly(ethylene oxide)106-poly(propylene oxide)70-poly(ethylene
oxide)106 (F127) copolymer, octadecylamine (ODA), and surfactant Span-80 were used to control the
size of TiO2 particles [37]. For example, quasi-monodisperse TiO2 submicron spheres were synthesized
by controlling the hydrolysis of tetrabutyl titanate in ethanol containing the above polymers and small
amounts of deionized water. During this process, depending on the used polymer, the transmission
time from the transparent solution into white suspension changed from several seconds to minutes.
As soon as the transparent solution changed into white suspension, the stirring had to be stopped
and the suspension was further aged for 8 h to form quasi-monodisperse TiO2 submicron spheres.
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After high temperature annealing, the spheres were crystallized into the anatase phase. Figure 1
shows the quasi-monodisperse TiO2 submicron spheres with different diameters within 200–800 nm,
synthesized with different polymers.

Figure 1. SEM (Scanning electron microscopy) images ((a) PEG (polyethylene glycol) 20000, (b) ODA
(octadecylamine), (c) F-127, (d) Span80) and the XRD (X-ray diffraction) patterns (e) of TiO2 spheres
synthesized by adding different polymers [37].

2.1.2. Hollow Spheres

Due to high specific surface area and low density, hollow structured materials have been widely
used in many fields [54]. TiO2 hollow spheres with a well-defined crystal phase are highly desirable for
photocatalysis use [55–57]. Hollow structured TiO2 can be feasibly synthesized by hard template and
soft template methods. Compared to the soft template method, the hard template method is simpler,
and so it is frequently used.

An et al. have used polystyrene (PS) spheres as a hard template to prepare hollow Sm3+-doped
TiO2 spheres [29]. The schematic illustration of the formation mechanism is shown in Figure 2.
Since the surface of PS spheres obtained by surfactant-free microemulsion polymerization is negatively
charged, no additional surface modification of PS spheres is needed for the next coating of TiO2. In an
ethanol/acetonitrile mixed solvent, a small amount of ammonia was used to induce the hydrolysis
of tetrobutyl titanate to form the amorphous Sm3+-doped TiO2 coating layer on the surface of the PS
spheres. After washing with ethanol, drying, and annealing, hollow TiO2:Sm3+ spheres, as shown in
Figure 3, could be obtained.

Figure 2. Schematic illustration of the formation mechanism for hollow TiO2:Sm3+ spheres [29].
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Figure 3. (a) SEM image, (b) TEM (Transmission Electron Microscopy) image and (c) EDS (Energy
Dispersive Spectrum) of TiO2:Sm3+ hollow spheres [29].

2.1.3. Porous Spheres

Due to their high surface area, porous materials are very popular for different applications
including energy storage, solar cells and catalyzers [58–60]. Mesoporous TiO2-based materials have
attracted much attention for their enhanced reactivity and light harvesting [60]. The macrochannels
in mesoporous TiO2 particles have served as a light-transfer path that can introduce incident photon
flux to the interior surface of the TiO2 particles [58]. A mesoporous structure gives light waves more
chances to penetrate deep inside the photocatalyst and more light waves are captured. The crystallinity,
pore size and composition are important for tuning the properties of mesoporous TiO2 spheres [1,8,60].
There has been intensive research concentrated on the design and preparation of porous TiO2 materials
with unique porosities and tunable pore sizes [61–65].

We have synthesized mesoporous Ce-doped TiO2 spheres by a low-temperature hydrothermal
method by using neutral dodecylamine (DDA) as a surfactant and tetrabutyl titanate as a Ti source [64].
To control the rate of hydrolysis of tetrabutyl titanate, a solvent mixture of ethanol and propanol
(2:1, v/v) was used. No additional water was used to initialize the hydrolysis and condensation
reaction of the tetrabutyl titanate, due to the used CeCl3·7H2O containing structured water. After the
CeCl3·7H2O was dissolved, the structured water was released. DDA was able to make the solution
alkaline and this made it easy to increase the rate of hydrolysis of the tetrabutyl titanate. However,
the dissolution of CeCl3·7H2O also could result in a decrease of the pH value of solution. Thus,
CeCl3·7H2O could service as not only as a dopant but also as an initiator and buffer. After reaction,
a precipitate was formed and it was further refluxed for 2 h at 80 ◦C in an acid solution to get rid of the
template and obtain sphere-like mesoporous Ce-doped TiO2 particles with a diameter of 100–1000 nm
as shown in Figure 4. The XRD (X-ray diffraction) patterns in Figure 4 show that the TiO2 particles
are semi-crystalline. The formed anatase crystalline size is very small, about 2–3 nm. In addition,
from the TEM (Transmission Electron Microscopy) image, it could be found that the pore structure was
worm-like, with a size of 2–3 nm. The Brunauer-Emmett-Teller (BET) surface area of the mesoporous
Ce-doped TiO2 was 118 m2/g, which is much higher than the 9.6 m2/g of single-doped TiO2 obtained
without a surfactant.
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Figure 4. TEM photograph of mesoporous-doped TiO2 and XRD patterns (a) before hydrothermal and
acid treatment, (b) after hydrothermal and acid treatment of mesoporous-doped TiO2 [64].

The mesoporous Eu-doped TiO2 spheres have also been developed by the hydrolysis of tetrabutyl
titanate [28]. To increase the thickness of the pore wall, nonionic copolymer Pluronic F-127 was
used as a template agent. Europium ethoxide was specially prepared as a doping agent in order to
increase the rate of hydrolysis and condensation of the tetrabutyl titanate. Small amounts of water
were added to initiate the reaction under stirring. As soon as the solution became slightly white
after several minutes, the stirring was stopped. Meanwhile, in order to control the water content, the
preparation was conducted under the protection of flowing N2. After aging for 24–48 h at 35–40 ◦C,
the suspended particles were filtered and washed with ethanol several times. The final products
were obtained after calcination at 400 ◦C for 4 h. The synthesized Eu-doped TiO2 particles have a
spherical morphology and a mesoporous structure, with a pore size of 7–10 nm. The special surface
area of the phosphor particles is 158 m2/g. The high resolution TEM images in Figure 5c show that the
pore wall is semi-crystalline that many anatase nanocrystallites are dispersed in the amorphous TiO2.
The XRD patterns showed in Figure 5d have indicated that no peaks corresponding to the europium
compound was detected and no shift of the anatase peaks was observed after doping with Eu3+. It can
be concluded that Eu3+ ions are mainly dispersed in the amorphous TiO2 region.

Figure 5. (a) SEM image and EDS spectra, (b) TEM image, (c) high resolution TEM image and
corresponding electron diffraction pattern of monodisperse mesoporous after 400 ◦C calcinations, (d) XRD
patterns: (i) before calcinations, (ii) after 400 ◦C calcinations, and (iii) after 500 ◦C calcinations [28].
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2.1.4. Hollow and Porous Spheres

Compared to single hollow spheres, hollow TiO2 spheres with a porous shell are more interesting
in photocatalysis because they can provide a higher surface area and active site points, decreased
diffusion resistance, and increased accessibility to reactants [66]. Several methods have been reported
to synthesize hollow TiO2 spheres with a porous shell [66,67]. Among these methods, the template
method is the most popular. Different sacrificial templates can be used for controlling the size and
morphology of such a hollow nanostructure. The template method followed by a hydrothermal or
calcination treatment is often used to synthesize hollow TiO2 spheres with a crystalline shell [39].
Figure 6 shows a typical process of preparing hollow TiO2 spheres with a crystalline shell. In this
process, amorphous TiO2 was firstly coated onto the surface of SiO2 spheres by the sol-gel method in
an alkaline solution. Then, the composite microspheres were subjected to a hydrothermal or calcination
treatment. Meanwhile, the amorphous TiO2 was crystallized into nanocrystals and the mesoporous
structure was formed by nanocrystal stacking. Finally, the SiO2 core was removed by etching in an
alkaline solution. As shown in Figure 7, the sample prepared by hydrothermal treatment had a mean
diameter of 620 nm with a 180 nm thick mesoporous TiO2 shell. The BET surface area was 231.1 m2/g
and the pore size was 6.5 nm. However, the sample prepared by calcination had a mean diameter of
440 nm with a 90 nm thick mesoporous TiO2 shell. The BET surface area was 158.3 m2/g.

Figure 6. Schematic illustration of the process for the fabrication of the mesoporous TiO2 hollow
microspheres [39].
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Figure 7. TEM images (a,b), XRD patterns (e-i) and nitrogen adsorption-desorption isotherms (f-i) of
the sample prepared by the hydrothermal process; TEM images (c,d), XRD patterns (e-ii) and nitrogen
adsorption-desorption isotherms (f-ii) of the sample prepared by the calcination process [39].

2.2. 3D Urchin-Like Hierarchical Particles

Urchin-like microspheres possess an epitaxial multilevel structure. The unique micro/nano
hierarchical structure has two obvious advantages over single nano-scale or micro-scale structures
when they are used as photocatalysts [54,68]. One is that urchin-like TiO2 is more efficient at absorbing
incidental light because of the increase of multiple-reflection of the hierarchical microspheres [54].
The other is that urchin-like hierarchical TiO2 is easy to separate from waste water by the filtration
or sedimentation methods. The template-assisted method is a familiar approach to prepare the
hierarchical materials. However, it is troublesome to remove templates from products. Impurities are
easily introduced into products in the process of utilization and removal of templates. The template-free
method is accepted as an ideal strategy which can overcome the drawbacks. Recently, TiO2 particles with
different hierarchical structures have been successfully fabricated via the template-free method [69–73].

2.2.1. Urchin-Like Hierarchical TiO2 Particles

We have developed a synthesis of a kind of 3D urchin-like TiO2 microspheres via a solvothermal
method without adding any surfactant or template [30]. Tetrabutyl titanate and titanium
tetrachloride (TiCl4) aqueous solution were used as the reactant, and toluene was used as the solvent.
The solvothermal reaction took place in a Teflon-lined autoclave at 150 ◦C for 24 h. Sea-urchin-like 3D
hierarchical TiO2 microspheres with a uniform size of 2.5–3.0 μm were obtained (Figure 8). The 3D
hierarchical microspheres were made of single crystalline rutile nanoneedles with diameters about
20–40 nm, which grew radially from the core of the microspheres. The morphology and crystal
phase of the 3D hierarchical TiO2 microspheres could be influenced by some factors, such as the
ratio of tetrabutyl titanate to TiCl4, the solvothermal temperature, and so on. By tracing the particle
morphology change by SEM and XRD techniques, we concluded that the formation of 3D hierarchical
TiO2 microspheres mainly concerned three steps, i.e., nucleation, self-assembly, dissolution and
recrystallization, as depicted in Figure 9. In the nucleation stage, nanoparticles were formed. Then,
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the nanoparticles assembled into microspheres. Finally, the microspheres gradually changed into the
urchin-like hierarchical structure by dissolution and recrystallization.

 

Figure 8. SEM image (a), TEM images (b–e), and EDS (f) of the urchin-like hierarchical TiO2 [30].

Figure 9. Schematic illustration of the formation process of 3D urchin-like hierarchical TiO2:
(a) nanoparticle; (b) microsphere; (c) similar urchin-like sphere; (d) urchin-like sphere [30].

2.2.2. Cr Doped Urchin-Like Hierarchical TiO2 Particles

Urchin-like Cr-doped TiO2 particles could be also synthesized by the same solvothermal method
described above in a solution of titanium tetrabutyl titanate dissolving CrCl3 [73]. The morphology of
Cr-doped TiO2 particles is characterized by SEM images shown in Figure 10. The mean particle size
of the hierarchical microspheres can be adjusted within 1–5 μm and the diameter of the nanorods is
about 20–30 nm. The EDS results showed that the content of the Cr element in the Cr-doped TiO2

particles was ~2.9 mol %.
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Figure 10. TEM images and EDS spectra of Cr-doped urchin-like TiO2 particles [73].

2.2.3. Noble Metal Nanoparticle-Decorated 3D Urchin-Like TiO2 Particles

Noble metal nanoparticle-decorated semiconductors are interesting for photocatalysis because
of their combined properties [74]. Decorating the noble metal nanoparticles (e.g., Au, Ag and
Pt) onto the surface of TiO2 is an effective method to improve the photocatalytic activity because
not only light-harvesting efficiency can be enhanced due to the surface plasmon resonance of
noble metal nanoparticles, but the recombination of surface radicals can also be slowed down by
capturing photogenerated electrons of noble metal nanoparticles [75–79]. Figure 11 shows a schematic
illustration of 3D urchin-like hierarchical TiO2 microspheres decorated with Au nanoparticles via a
two-step wet-chemical process [31]. In the first step, the surface of the urchin-like TiO2 microspheres
was modified with APTES (3-aminopropyl-triethoxysilane) that possess amidocyanogen. Then,
the modified particles were decorated with Au nanoparticles in HAuCl4 aqueous solution by the
reduction of NaBH4. Since the amidocyanogen could interact with Au nanoparticles by a weak covalent
bond, Au nanoparticles were closely attached to the surface of the TiO2 nanostructures, as shown in
Figure 12. It was seen that the Au nanoparticles with diameters of about 2–10 nm mainly adhered to
the surface of the needles uniformly. Most of the Au nanoparticles possess a rhombic dodecahedra
structure. The UV-Vis (ultraviolet-visible) spectra show an absorption band located at the wavelength
of about 530 nm due to the surface plasmon resonance of Au nanoparticles.

Figure 11. Schematic illustration of the synthesis process of urchin-like TiO2 decorated with Au or Ag
nanoparticles [31].
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Figure 12. SEM images (a,b), TEM images (c–e), XRD pattern (f) and UV-Vis absorption spectra (g) of
Au-decorated 3D urchin-like TiO2 nanostructures [31].

The urchin-like TiO2 microspheres decorated with Ag nanoparticles could be also prepared by
the similar process. As shown in Figure 13, the Ag nanoparticles with diameters of about 2 nm are
decorated on the TiO2 nanoneedles homogeneously. A broad absorption band at around 500 nm,
corresponding to the surface plasmon resonance of the Ag nanoparticles, appears in the UV-Vis
absorption spectrum (Figure 13f).
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Figure 13. TEM images (a–c), EDS (d), XRD (e), and UV-Vis absorption spectrum (f) of Ag-decorated
3D urchin-like TiO2 nanostructures [31].

2.2.4. Core/Shell-Structured Bimetallic Nanoparticle-Decorated 3D Urchin-Like Hierarchical TiO2 Particles

Bimetallic nanostructures often show a more excellent comprehensive performance over their
monometallic counterpart [80]. Especially core/shell bimetallic nanostructures with a magnetic core
and a noble-metallic shell have aroused researchers’ interest [81–85]. The magnetic core can offer a drive
force for the recycling of samples, while the noble-metal shell can improve the optical properties [85].
Figure 14 shows a typical preparation process of a kind of 3D urchin-like hierarchical TiO2 decorated
with a bimetallic core/shell nanoparticle (Co@Au and Co@Ag). The preparation includes three
steps, i.e., surface activation, electroless plating and in-situ replacement [32]. First, the surface of the
urchin-like TiO2 microspheres was activated by implanting Pd nanodots. Then, Co nanoparticles were
formed and adhered to the nanoneedle surface of the urchin-like TiO2 microspheres by electroless
plating. Finally, Ag or Au were further formed and coated on the surface of the Co nanoparticles by an
in-situ replacement process.

Figure 14. A schematic synthesis process of urchin-like TiO2 decorated with core/shell-structured
Co@Au or Co@Ag bimetallic nanoparticles [32].
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The SEM and TEM images in Figure 15 show the morphology of Co@Au/TiO2 composites. It can
be seen that many core/shell nanostructured nanoparticles with diameters of 10–80 nm are attached to
the surface of TiO2 nanorods. The images of the elemental mapping of core/shell nanoparticles further
identify that the core is Co and the shell is Au. The size and distribution of the bimetallic particles can
be adjusted by controlling the ratio of Co to TiO2 during the electroless plating process. The thickness
of the Au or Ag shell could be controlled by adjusting the concentration of HAuCl4 or AgNO3 in
the solution and the reaction time. Both the Co@Au/TiO2 and Co@Ag/TiO2 particles showed good
response to an applied external magnetic field [32].

 

Figure 15. The SEM and TEM images of Co@Au/TiO2 composites: (a,b) SEM images, (c,d) TEM images,
(e) high-resolution TEM images; (e) the local elemental mapping of Co and Au (Scale bar = 1 μm for (a);
scale bar = 100 nm for (b); scale bar = 500 nm for (c); scale bar = 100 nm for (d); scale bar = 50 nm for
(e)) [32].
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2.2.5. Photocatalytic Activity of Urchin-Like Hierarchical TiO2 and Their Composites

Although TiO2 is an ideal candidate for photocatalysis because of its strong oxidization,
harmlessness to surroundings, chemical inactivity, good stability and low cost, the main weakness
of TiO2 is the lack of visible light response due to the large band gap. Therefore, the question of how
to increase the efficiency of visible light harvesting is an important research topic in this field [1].
Although single controlling the morphology of TiO2 materials cannot increase the efficiency of visible
light harvesting, it is possible to enhance the visible light harvesting of TiO2 composites by combining
ion doping or noble metal decoration with morphology control. Ion doping or noble metal decoration
can induce or increase the visible light absorption of TiO2, while the absorption effect can be further
enhanced by other effects from material morphology, such as decreased light scattering or increased
multiple reflection, etc.

The photocatalytic efficiency of commercial P25, urchin-like TiO2 and Au or Ag-decorated
urchin-like TiO2 was evaluated by degrading MB (methyl blue) under UV-Vis light irradiation.
It was found that the photocatalytic degradation efficiency under the same conditions followed the
order: Ag/TiO2 > Au/TiO2 > TiO2 > P25 (Figure 16). By the photoluminescence spectra, Au or
Ag nanoparticles decorated on the surface of TiO2 were demonstrated to be able to effectively
capture photogenerated electrons and prevent electron/hole recombining (Figure 16). In addition,
the urchin-like micro/nano hierarchical structure also may increase the visible light harvesting
efficiency by the multiple-reflection of nanoneedles. These should be responsible for the enhanced
photocatalytic efficiency of urchin-like TiO2 microspheres after decoration with Au or Ag nanoparticles.
Similarly, the light-harvesting efficiency could also be enhanced by decorating with Co@Au or Co@Ag
bimetallic nanoparticles, as shown in Figure 17. As a result, the photocatalytical efficiency of urchin-like
TiO2 was enhanced obviously, as shown in Figure 17, by the experiment of decolorizing methyl blue
(MB) solution.

Figure 16. Photodegradation curves of MB (methyl blue) in the presence of P25, TiO2, Au/TiO2 and
Ag/TiO2 (left); Photoluminence spectra (λex = 215 nm) of pure urchin-like TiO2, Au/TiO2 and Ag/TiO2

(right) [31].

Figure 17. UV-Vis absorption spectra of TiO2, Co@Au/TiO2 and Co@Ag/TiO2 (left); UV-Vis absorption
spectra of MB before and after degradation with TiO2, Co@Au/TiO2 and Co@Ag/TiO2 for 15 min at
room temperature (right) [32].
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3. Summary

Based on our group’s research work, we provided a brief review of the synthesis
of TiO2 with different morphologies and the photocatalytic properties of urchin-like TiO2,
noble metal nanoparticle-decorated 3D urchin-like TiO2 and core/shell-structured bimetallic
nanoparticle-decorated 3D urchin-like hierarchical TiO2. The examples of the fabrication of solid
spheres, hollow spheres, porous spheres, and porous and hollow microspheres of anatase TiO2-based
materials were introduced. The synthesis and photocatalytic efficiency of urchin-like rutile TiO2,
urchin-like rutile TiO2 nanostructures decorated with Au or Ag nanoparticles and core/shell-structured
bimetallic nanoparticles (Co@Au and Co@Ag) were especially introduced. The results of photocatalytic
tests show that 3D urchin-like hierarchical structures have unique merits in the efficient harvesting of
solar light, and decorating Au, Ag or bimetallic nanoparticles on the surface of 3D urchin-like TiO2 can
promote photoinduced charge-carrier separation.
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Abstract: Indium titanium zinc oxide (InTiZnO) as the channel layer in thin film transistor (TFT)
grown by RF sputtering system is proposed in this work. Optical and electrical properties
were investigated. By changing the oxygen flow ratio, we can suppress excess and undesirable
oxygen-related defects to some extent, making it possible to fabricate the optimized device. XPS
patterns for O 1s of InTiZnO thin films indicated that the amount of oxygen vacancy was apparently
declined with the increasing oxygen flow ratio. The fabricated TFTs showed a threshold voltage of
−0.9 V, mobility of 0.884 cm2/Vs, on-off ratio of 5.5 × 105, and subthreshold swing of 0.41 V/dec.

Keywords: indium titanium zinc oxide; thin film transistor; oxygen partial pressure

1. Introduction

Oxide semiconductor, as the active layer for TFTs, has drawn much interest recently owing to
their advantageously high carrier mobility, high optical transparency in the visible light region, high
thermal/environmental stability, and low process temperature [1–7]. Among them, ZnO has been
regarded as a promising material and is ubiquitous in optoelectronic devices as a result of its low
toxicity, abundance on Earth, wide energy bandgap of 3.37 eV, and large exciton-binding energy of
60 meV at room temperature [8,9]. Many research groups have endeavored to develop TFTs with high
electrical and optical properties, which can be utilized in organic light emitting diodes (OLEDs) and
active matrix liquid crystal displays (AMLCDs). The resistivity of the thin film cannot be too high since
it will cause low output current, while it cannot be too low as it will bring about distastefully high
leakage current and surface current. Conventional TFT material, such as hydrogenated amorphous
silicon (a-Si:H) usually benefit from ambient deposition conditions and ease of fabrication. Nonetheless,
such devices exhibit poor mobility [10], which is deemed undesirable for high-speed devices or fast
switching circuits.

One way to enhance the mobility is addition of appropriate metal element [11]. Hosono et al.
reported that amorphous oxides comprising heavy metal cations with an ns0 (n ≥ 4) electronic
configuration can accomplish elevation of mobility due to high overlapping, large diameter, and high
spherical symmetry of ns0 orbitals [12,13]. Consequently, indium-doped or tin-doped ZnO materials
become attractive and popular. For example, indium zinc oxide (IZO) [14], zinc tin oxide (ZTO) [15],
indium zinc tin oxide (IZTO) [16], and indium gallium zinc oxide (IGZO) [17] have been reported in the
literature. Compared to the previous studies, obviously there is little research related to incorporation
of titanium (Ti). Although IGZO holds the edge and is commonly-seen in TFT fabrication, it is
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known that scientists have tried to seek alternatives to replace gallium because the weak Ga–O bond
may result in instability issues. Like magnesium (Mg), hafnium (Hf), and zirconium (Zr), titanium
has the ability to suppress excess carrier generation and make devices more stable under bias and
illumination stress [18–20]. Furthermore, titanium is non-noxious, and has a lower electronegativity
(1.54) as well as a lower standard electrode potential (−1.63 V) compared to those of Zn (1.65 and
−0.76 V) [21], which means it is more likely to oxidize than zinc and can be used as a carrier suppressor
in ZnO-based TFTs. Accordingly, InTiZnO, as a novel material, is expected to exhibit high optical and
electrical performance.

In this paper, we proposed the fabrication of indium titanium zinc oxide (InTiZnO) TFT by
utilizing Radio-Frequency (RF) sputtering system. Our goal is to seek whether InTiZnO has possibility
of being a promising semiconductor material that can be used for optoelectronic component fabrication.
It is known thin films can be grown through spray pyrolysis, chemical vapor deposition, sol–gel, and
sputtering methods. Sputtering is preferable because of its large-area deposition, stable growth rate,
and good film quality [22]. We focused on the impact of oxygen-related defects on the electrical
performance of the device. The compensation level of oxygen-related defects was investigated
and discussed.

2. Materials and Methods

The schematic diagram of the fabricated bottom-gate InTiZnO TFT was shown in Figure 1.
First, quartz substrates were chemically cleaned by an ultrasonicator. A 70-nm-thick aluminum was
subsequently deposited on the as-cleaned substrate by thermal evaporation with a metal mask. Silica of
200 nm was then grown by plasma-enhanced chemical vapor deposition (PECVD, SAMCO PD-220NA,
Kyoto, Japan). The channel layer InTiZnO of 50 nm was sputtered with various oxygen flow ratios. It is
noted an InTiZnO target (In:Ti:Zn = 99:1:99 in molar ratio) was utilized, the RF power was 80 W, and
the working pressure was 5 mTorr. Sputtering was performed in argon and oxygen ambience at room
temperature with manipulated gas flows. Argon flow was from 49 sccm to 45 sccm, while oxygen flow
was from 1 sccm to 5 sccm. Next, aluminum of 70 nm was thermally grown to act as source and drain,
whose patterns were defined by another metal mask. All processes were done without intentional
heating or post-annealing. No etching, lift-off, or other photolithography technique was included. The
gate length and gate width of the fabricated TFTs were 100 μm and 1000 μm, respectively. For thin
film analysis, we prepared 100-nm-thick InTiZnO on cleaned substrate. Surface morphology of the
films was examined via atomic force microscope (AFM, NT-MDT Solver P47-PRO, Moscow, Russia).
Transmittance spectrum was recorded via a UV-3101 UV–Vis–NIR spectrophotometer (Shimadzu
UV-3101PC, SHIMADZU Corp., Kyoto, Japan). Crystallinity of the films was investigated by X-ray
Diffraction (XRD, Rigaku ATX-E, Tokyo, Japan) with a Cu Kα radiation source (λ = 1.54056 Å). X-ray
Photoelectron Spectroscopy (XPS, VG ESCALAB220i-XL, Thermo Scientific, Waltham, MA, USA)
was applied to analyze chemical state of oxygen. The TFTs were subject to current–voltage (I–V)
characteristics measurement in dark at room temperature by a semiconductor parameter analyzer
(Agilent B1500, Palo Alto, CA, USA).

Figure 1. Schematic diagram of the sputtered InTiZnO thin film transistor.
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3. Results and Discussion

The measured XRD patterns are demonstrated in Figure 2. It is notable that we prepared thin
films of 100 nm on quartz substrate for film analyses. Five respective samples were named in light
of their oxygen flow ratios during the sputtering process. In other words, Sample A indicated the
device with oxygen flow ratio of 2%, Sample B was for 4%, Sample C was for 6%, Sample D was
for 8%, and Sample E was for 10%. No evident diffraction peak of crystalline phase was observed
from the spectrum, except for the peak at 21.4◦ to 21.5◦ attributed to quartz substrate. The result was
similar to the report of A. Liu et al. in 2014 [23]. There is a weak peak located at around 32◦, which
may be attributed to ZnO crystal (JCPDS #890510). However, sputtered quaternary compounds are
complex and usually amorphous owing to the nature of deposition method. Consequently, we tend to
believe the characterization results revealed that InTiZnO films were amorphous. Figure 3a shows the
transmittance of InTiZnO thin films sputtered under various oxygen flow conditions. The variation
of oxygen flow ratio had little influence on the absorption edge. It was observed that the average
transmittance of each sample was over 80% in the visible region. To go further, the relation between
absorption coefficient (α) and the incident photon energy (hν) was plotted, as shown in Figure 3b. It is
known the calculation of the corresponding optical bandgap of a certain semiconductor material is
described by Tauc’s Law and is given as

(αhν)2 = B(hν− Eg),

where B a constant and Eg the bandgap [24]. By estimating the tangent lines from the curves it turned
out the calculated optical bandgap of InTiZnO was 3.90–4.06 eV, implicating InTiZnO is a wide-gap
material having potential for further photo-sensing applications. It is notable that optical absorption
by defects appears at energies lower than the optical gap. Band tailing is speculated to be attributed to
the combing effects of impurity disorder and other defects [25,26].
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Figure 2. XRD spectrum measured from a blank quartz glass and Samples A, B, C, D, and E.
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Figure 3. (a) Transmittance spectrum measured from Samples A, B, C, D, and E. (b) Absorption
coefficient versus photon energy for these five samples.
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Figure 4a–e shows the output (ID-VD) curves of InTiZnO TFTs measured in dark at room
temperature. The drain voltage was swept from 0 V to 15 V with a step of 0.1 V, while the gate
voltage was from 0 V to 12 V with a step of 3 V. The obvious pinch-off and drain-current saturation
suggested the electron transport in the active layers was well controlled by the gate and drain bias.
Compared to other samples, Sample E seemed to be a bit worse, which was speculated to stem from
excess incorporation of oxygen. It will be discussed later. The transfer curves of InTiZnO TFTs derived
in dark at room temperature is shown in Figure 5. The drain voltage was fixed at 3 V while the
gate voltage was from −2 V to 12 V with a step of 0.1 V. It can be clearly seen that five samples
exhibited typical n-type characteristics. For comparison, the threshold voltage (VT), mobility (μeff),
on-off current ratio, subthreshold swing (SS), and total equivalent trap states (Nt) of each sample are
listed in Table 1 (Values with error for Samples A, B, and C are shown in Table S1 in Supplementary
Materials). By drawing the ID

1/2 versus VG figure, VT could be determined by setting ID
1/2 = 0.

The device mobility and subthreshold swing are defined as

ID =
W
2L

Coxμeff(VG − VT)
2,

SS =
∂VG

∂ log ID
,

where ID the drain current, W
L the dimension of the device, Cox the gate capacitance per unit area, VG

is the gate voltage, and VT the threshold voltage. It is known that SS is related to the interface and
bulk trap density of the TFTs. The total equivalent trap states can be acquired by using the following
equation [27],

Nt = [
SS log(e)

kT/q
− 1]

Cox

q
,

where q is the charge of the electron, k the Boltzmann constant, T the temperature, SS the subthreshold
swing, and Cox the gate capacitance per unit area. The dielectric constant of SiO2 is 3.9, and the
calculated capacitance was about 17 nF/cm2

. It is noteworthy that when sweeping from 12 V to −2 V
during ID-VD measurement, another curve is expected to appear, which is related to a reliability issue.

Table 1. Electronic parameters of each unannealed InTiZnO TFT measured in dark at room temperature.

Samples
Oxygen

Flow Ratio
VT (V)

μeff

(cm2/Vs)
On-Off

Current Ratio
SS (V/dec) Nt (cm−2)

Sample A 2% −0.35 1.625 1.5 × 105 0.32 4.6 × 1011

Sample B 4% −0.9 0.884 5.5 × 105 0.41 6.2 × 1011

Sample C 6% −0.5 0.235 1.1 × 103 1.62 2.8 × 1012

Sample D 8% −1.4 0.006 1.4 × 102 2.46 4.3 × 1012

Sample E 10% −4 0.004 1.1 × 101 8.57 1.5 × 1013

InTiZnO films prepared under various gas mixture revealed a homogeneous surface (images
shown in Figure S1 in Supplementary Materials). The grains are shaped as round cones uniformly
distributed on the 2 × 2 μm area. From AFM analysis, surface roughness varied as a function of
oxygen flow ratio. It was gradually increased from 1.003 nm to 1.354 nm by increasing the oxygen flow.
The rougher surface was due to the more drastic ion crashing on the film during sputtering. Hence,
higher oxygen flow ratio may cause objectionable surface scattering, leading to mobility reduction.
A rougher surface should also be responsible for the variation of Nt.
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On the other hand, it is known that oxygen vacancy acts as a carrier provider in ZnO-based
materials. When oxygen flow ratio increased, the amount of oxygen vacancies in the thin film reduced.
It can be seen that free carriers became less from the I–V measurement. In ID-VD measurement,
samples with a higher oxygen flow ratio would reach a lower saturation current. The saturation
current: Sample D < Sample C < Sample B. In the ID-VG transfer curve, the on current at 12 V: Sample E
< Sample D < Sample C < Sample B. Accordingly, it is confirmed that concentration of carriers was
suppressed. However, participation of excess oxygen during film growth could compromise the
performance of devices. Namely, it would bring about undesirable oxygen-related deficiencies and
make TFTs difficult to operate desirably. Augmentation in trap states due to increasing oxygen flow
ratio could hinder the carriers in the channel layer from smooth transport. Therefore, the mobility
decreased from 1.625 cm2/Vs to 0.004 cm2/Vs and subthreshold swing increased from 0.32 V/dec to
8.57 V/dec. It is notable that our devices with a negative threshold voltage were in depletion mode
(D-mode). For a depletion-mode transistor, the device is normally-on at zero gate–source voltage.
It indicates that there may be a power consumption issue, which could be solved by increasing the
thickness of dielectric layer or replacing high-k material with the original gate oxide.

Figure 6a–e is XPS spectra of O 1s of InTiZnO films grown with different oxygen flow ratios.
The spectra were deconvoluted into two peaks by Gaussian fitting: OI occurred at 529.6 eV was
assigned to O2− species in the lattice, and OII located at 531.3 eV was associated with oxygen vacancies
or defects, or O2− ion in oxygen-deficient region [8,28]. By evaluating peak area OII over (OI + OII) it
can be seen the proportion decreased from 78.8% to 65.3% as the oxygen flow ratio increased from
2% to 10%. Assuming small contributions of the film surfaces, the result indicated that concentration
of oxygen vacancy in the films was reduced in terms of proportion with the increasing oxygen flow
ratio, and it was consistent with the device performance. That is, manipulation of oxygen flow and
argon flow is a performance trade-off issue. On the basis of the electric properties, we deduced that
Sample A and Sample B were superior to other samples, whereas on-off current ratio of Sample B was
higher than that of Sample A. It implied the gate control ability of Sample B was better, as a result of
well-manipulated oxygen flow ratio of 4%. Sample B was considered to be the optimal device in this
work, exhibiting a mobility of 0.884 cm2/Vs, on-off ratio of 5.5 × 105, and subthreshold swing of 0.41.
Table 2 lists previous studies similar to InTiZnO. It can be seen that our devices are competent.

Table 2. Electrical performance of ZnO-based TFTs reported in the literature

Materials
Deposition

Method
VT (V)

μeff

(cm2/Vs)
On-Off Current

Ratio
SS

(V/dec)
Nt (cm−2)

InZnO [29] Sol–gel 0.18 0.15 105 0.86 N.A.
InMgZnO [30] Sol–gel N.A. 0.56 <105 2.2 N.A.
InTiZnO [31] Sol–gel 8.49 0.04 104 1.06 N.A
InTiZnO [24] PLD 7.89 2.58 108 0.76 1.5 × 1012

InTiZnO, Sample A (this work) sputter −0.35 1.625 1.5 × 105 0.32 5.7 × 1011

InTiZnO, Sample B (this work) sputter −0.9 0.884 5.5 × 105 0.41 7.3 × 1011

On the other hand, sample without oxygen (oxygen flow ratio = 0%, only pure argon) was also
prepared. During I–V measurement, the applied drain voltage swept from 0 V to 4 V with an increment
of 0.1 V, while the gate voltage was from 0 V to 3 V with an increment of 0.6 V. In Figure 4f, it was
observed the output current reached the compliance current (10 mA) of the semiconductor parameter
analyzer. The result indicated that the InTiZnO 0% TFT was over-conductive. The innate defects from
ZnO-based material were not suitably compensated, lacking feasibility of device operation.
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Figure 6. XPS O 1s spectra of InTiZnO thin films with various oxygen flow ratios: (a) Sample A,
(b) Sample B, (c) Sample C, (d) Sample D, and (e) Sample E.

4. Conclusions

In summary, we reported the fabrication of InTiZnO TFTs. The transmittance of InTiZnO was
more than 80% in the visible region. The energy bandgap of InTiZnO was derived to be 3.90–4.06 eV.
The results showed InTiZnO had great potential for UV sensors. By manipulating the oxygen flow
ratio during sputtering, oxygen vacancies could be filled as confirmed by XPS measurement, making it
possible to prepare the optimal InTiZnO TFTs that exhibited high electrical performance. If only argon
took part in growth of active layers, excess carriers would exist, resulting in high leakage currents.
We found that 4% oxygen flow ratio was preferable. Under such conditions, Sample B showed a
threshold voltage of −0.9 V, mobility of 0.884 cm2/Vs, on-off ratio of 5.5 × 105, and subthreshold
swing of 0.41 V/dec. We believe the findings reveal a great step toward knowledge of the quaternary
semiconductor material InTiZnO. The combination of transparency, ease of fabrication under room
temperature, and high on-off current ratio makes InTiZnO TFT very promising for the next-generation
optoelectronic device.

Supplementary Materials: The following are available online at www.mdpi.com/2079-4991/7/7/156/s1,
Figure S1: AFM images of each InTiZnO samples, Table S1: Electronic parameters for five Samples, with errors for
Samples A, B, and C.
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Abstract: Plenty of studies have been performed to probe the diverse properties of ZnO nanowires,
but only a few have focused on the physical properties of a single nanowire since analyzing the growth
mechanism along a single nanowire is difficult. In this study, a single ZnO nanowire was synthesized
using a Ti-assisted chemical vapor deposition (CVD) method to avoid the appearance of catalytic
contamination. Two-dimensional energy dispersive spectroscopy (EDS) mapping with a diffusion
model was used to obtain the diffusion length and the activation energy ratio. The ratio value is close
to 0.3, revealing that the growth of ZnO nanowires was attributed to the short-circuit diffusion.

Keywords: nanocrystalline materials; zinc oxide; nanowire; EDS mapping; short-circuit diffusion

1. Introduction

In the nanometer era, one-dimensional semiconductor nanomaterials with different morphologies
have been fabricated by various methods and techniques. The properties of nanomaterials are
usually quite distinct from these of bulk. Among the various semiconductors, zinc oxide (ZnO)
has many charming properties that include a direct and wide band gap, large exaction energy, a large
piezoelectric constant, strong ultraviolet emissions, stable structure, high penetrability, and good
conductivity [1]. One-dimensional ZnO nanostructures have some potential applications such as
nano-lasers, nano-detectors, and nano-sensors [2]. The ZnO nanowires can be fabricated by the vapor
transport method [3,4], molecular beam epitaxy method [5], laser ablation method [6], simple thermal
method [7,8], and so on. In recent years, the morphology, lengths, diameters, and growing directions
of ZnO nanostructures could be roughly controlled by adjusting the parameters in the manufacturing
process. Moreover, one-dimensional nanowire arrays [9], 3D network nanowires [10,11], and coaxial
core–shell nanowires [12] have been synthesized using special methods with various catalysts and
auxiliaries have been used in many of these methods. However, despite plenty of studies having
been performed to probe the various properties of ZnO nanowires, only a few have specialized in
investigating the optical properties of a single nanowire. Recent studies on ZnO nanowires have slightly
shifted the focus to different aspects that include the growth mechanism, structural transformation,
electron mobility, and phonon transmission. After understanding the disguised reaction mechanism,
it could be possible to control and modify the electronic properties of nanowires. The mechanical
characterization of single ZnO nanowire was reported by Argawal et al. [13,14], the size effect of
Young’s modulus of ZnO nanowires was investigated experimentally, as well as computationally.
Experimentally, ZnO nanowires with diameters ranging from 20.4 to 412.9 nm were tested under
a uniaxial tensile load using a nanoscale materials testing system inside a transmission electron
microscope, revealing the Young’s modulus of ZnO nanowires monotonically decreases from 160 to
140 GPa as the nanowires diameter increases from 20 to ∼80 nm. Therefore, to date, how to synthesize
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high-crystalline nanowires and how to establish an ordered investigation are very important scientific
and technical issues. However, some challenges have to be overcome. Firstly, researchers have to
develop various fabrication methods to investigate the properties of ZnO nanowires and to make
large-area ZnO nanowire arrays for the purpose of potential applications. In most of these various
synthesis methods, various catalysts or auxiliaries were utilized in these fabrication processes. Residual
contaminations could be found on the surface or at the edge of the nanomaterials with the result
that it is difficult to observe the essential properties of ZnO. Therefore, the synthesis of nanowires
without a catalyst or using a one-step growth method would be of interest. These syntheses would
be useful to directly characterize the physical properties. Moreover, the 3D network ZnO nanowires
with high surface-to-volume ratio have attracted a great deal of attention, while how to control the
dimensionality and size of ZnO nanowires has also become popular. Secondly, compared to the
developed growth mechanisms for zero- and two-dimensional nano systems, the growth mechanism
of nanowires deserves to be investigated in-depth. The growth mechanism of metal-oxide nanowires
using catalytic methods is often attributed to the vapor-liquid-solid mechanism, but without using
catalysts it is not clear. Some reporters have proposed that the metal-oxide nanowires grown below
the melting temperatures are attributed to the short-circuit diffusion mechanism. Investigating the
atomic diffusion in metal-oxide films is becoming an increasingly important issue. Lastly, plenty
of studies have been performed to probe the diverse properties of ZnO nanowires, but only a few
have focused on the physical properties of a single nanowire since analyzing the phonon confinement
along a single nanowire is difficult. In addition to this, previous studies of size effects were usually
investigated by fabricating various sized nanoparticles and examining these properties. Nevertheless,
the multi-contributions of nanoparticle shapes, size distributions, thermal effects, surface effects, and
strain have resulted in a complicated situation in which the experimental pieces of information could
not be compared with one another [15]. The investigation of a single ZnO nanowire, therefore, provides
a reasonable possibility for probing the size effect.

In this study, we report the syntheses of a single ZnO nanowire using a Ti-assisted chemical vapor
deposition (CVD) method to avoid the appearance of catalytic contamination. The dimensionality
and size of ZnO nanowires can be controlled through fabrication time. A two-dimensional energy
dispersive spectrum is a conventional technique to examine the diffusion situation in nanostructures.
A short-circuit diffusion model was presented.

2. Materials and Methods

One-dimensional ZnO nanostructures can be fabricated by various methods. Two typical methods
are introduced as follows. The chemical vapor deposition (CVD) method with metal catalysts is a
common method to fabricate semiconductor nanowires, such as TiO2, ZnO, GaN, and so on [4,16,17].
A typical example of ZnO nanowires synthesized by chemical vapor transport and a condensation
system has been reported by Yang et al. [17]. During the process of nanowire growth, the zinc powder
was heated to generate zinc vapor and then flowed to the substrate. The zinc vapor reacted with
the gold solvent on the substrate at a lower temperature region to form alloy droplets. When the
alloy droplet became supersaturated, crystalline ZnO nanowires were grown on the substrate surface.
The oxygen atom source originated from the reaction between zinc and CO/CO2 vapor. The growth
mechanism could be attributed to the VLS (vapor-liquid-solid) crystal growth mechanism which is
widely used for explaining the growth mechanism of oxide nanowires.

Compared with the previous methods, the thermal evaporation method without using
catalysts [18,19] is another simple method for the production of ZnO nanowires. The fabrication
of ZnO nanowires under ambient air and collected products on the surface of the sample stage has
been reported by Wang et al. [19]. No distinguishable suboxide (ZnO1−x) and impurity phase can
be observed on the XRD patterns. In addition, 3D network ZnO structures can be fabricated by this
method [20,21]. Chang et al. [20] fabricated ZnO nanowires using a chemical vapor deposition method
at 700 ◦C under an argon gas flow in a quartz tube. The ZnO samples with different morphology were
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collected in various regions on the substrate. The authors proposed that the tuning pressure effect
results in a different nucleation rate which further affects the morphology.

In this study, we used the CVD method to fabricate ZnO nanowires without an auxiliary template
or any catalyst. Only a pure titanium grid (melting point: ~1941 K) was used as an auxiliary and
substrate in this fabrication process. No other catalyst and auxiliary were used. The titanium is a
good candidate for being a substrate due to both zinc and titanium having a hexagonal structure
with a space group of P63/mmc, while ZnO has a hexagonal structure with a space group of P63mc,
as shown in Figure 1a–c, respectively. As shown in the supplementary materials of Table S1 [22],
the lattice constants are close with each other. In addition to this, no TiOx nanowires were grown on
the surface of the Ti grid during the annealing process at a temperature range of 300–800 ◦C. Based on
this, the titanium grid was selected as the substrate. Compared with other methods, this approach
is a simple, convenient, and reliable method for preparing ZnO nanowires. The complete synthesis
process is as follows: (1) a porcelain boat, a cut zinc ingot (0.2 g), and a pure silicon plate with a
side length of 0.5 cm were cleaned with ethanol and then were washed in a low-energy ultrasonic
cleaning bath for five minutes, respectively; (2) the zinc ingot was mounted on a pure titanium grid
with a mesh number of 200; (3) the grid was put on the cleaned silicon plate and then all were placed
on a porcelain boat as shown in Figure 1d; (4) the boat was placed in a quartz tube in the middle
region of a heated oven as shown in Figure 1e; (5) the pressure of the quartz tube was reduced to less
than 1 × 10−2 Torr by a mechanical pump; (6) the heating temperature in the quartz tube was set
for various samples in a temperature range of 300–800 ◦C, respectively; (7) these temperatures were
automatically adjusted by a current controller; (8) after the temperature was stabilized, a mixed gas
of oxygen (20 sccm) and argon (80 sccm) was introduced into the tube and the pressure was kept at
760 Torr by a flux controller; (9) the boat was heated at a set temperature for two hours; (10) after
heating, the samples were cooled to room temperature naturally after the heating; and (11) these
as-grown samples were saved in a low-pressure container to avoid further oxidation. The zinc ingot
on the grid melted in the heating process and then the liquid zinc uniformly covered the grid. The zinc
atoms combined with oxygen atoms after which ZnO nanowires grew on the ZnO film. The optical
images of various annealing temperatures samples were shown in the supplementary materials of
Figure S1 [22]. As can be seen in Figure S1, the heated titanium grids were usually curly and fragile.
These samples were characterized by various techniques and are discussed in further sections. In order
to achieve the research purpose, we used several measuring instruments to characterize the properties
of ZnO nanowires. The morphological appearance and elemental composition were characterized
by field-emission scanning electron microscopy and an energy dispersion spectrometer, respectively.
The atomic image and crystal structure were obtained by analytical transmission electron microscopy.

Figure 1. Schematic figures of unit cells of (a) zinc; (b) titanium and (c) ZnO; (d) the schematic
figure for a porcelain boat, in which a high-purity zinc ingot (~0.2 g, 99.99%) on a cleaned Ti grid
wafer was mounted on a cut silicon wafer; (e) the schematic figure for the chemical vapor deposition
(CVD) instrument.
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3. Results and Discussion

3.1. Morphological Analysis of ZnO Nanowire

An electron microscope is a precision electro-optical instrument for observing the scattering
between incident electrons and samples to investigate material morphology and fine structure. In this
study, field-emission scanning electron microscopy (FE-SEM, JEOL, JSM 6500F, Peabody, MA, USA)
was used to characterize the morphology of ZnO nanowires. In this study, the elemental component
and elemental mapping of ZnO nanowires was observed by energy-dispersive X-ray spectroscopy
(Inca X-sight model 7557 Oxford Instrument, Abingdon, Oxfordshire, UK) that was equipped with
the above-mentioned scanning electron microscope. The energy resolution is less than 133 eV.
The detectable range of elements is from boron to uranium. The maximum detectable energy of
X-rays is related to the incident electron beam energy. Following the SEM process, 15 keV is the limit.
The sample preparation and experimental process are similar to the steps for SEM measurement.
Figure 2a–i displays these SEM images with a magnification of 50,000 for various samples synthesized
at annealing temperatures of 300–800 ◦C, respectively. In the further sections, the sample synthesized
at 300 ◦C is labeled as T300, and other samples are tagged in the same way. It can be seen that, the ZnO
nanowires only can be seen on the samples of T400–T700. The one-dimensional ZnO nanowires
were observed on the surface of T400 and T450 and 3D network ZnO nanowires were obtained in
a temperature range of 500–700 ◦C. In the one-dimensional ZnO samples as shown in Figure 2b,c,
the ZnO nanowires were individually separated and straight. The diameters and lengths of the
ZnO nanowires were in the ranges of a few tens of nanometers and several μm, respectively. In the
three-dimensional (3D) ZnO samples, as shown in Figure 2d–h, the branching ZnO nanowires were
found on the grid surface. The branches grew randomly on the trunk and were not perpendicular to
the truck. With the annealing temperature increasing, the branch numbers and structural complexity
clearly increased. As the annealing temperatures were lower than 400 ◦C or higher than 700 ◦C,
no nanowire can be seen on the grid surface. With the high temperature range shown in Figure 2i, the
surfaces become very rough as a result of grain growth. The grain size is in a range from 100 nanometers
to 5 μm. The diameter distribution of ZnO nanowires could be described using a log-normal function.
We measured the diameters for various samples and fitted the curves using a log-normal function,

respectively. The log-normal function is defined as follows: f (d) = 1
(2π)0.5dσ

exp[− (ln d−ln<d>)2

2σ2 ], where

d is the diameter, <d> is the mean value and σ is the standard deviation. The experimental data and
fitting curves were plotted by black hollow bars and red solid lines in Figure 3a–g, respectively. The
corresponding fitting parameters are shown in Table 1. For the sample of T400, as an example, the mean
value is 33.2 ± 0.3 nm and the standard deviation is 0.24 ± 0.01. The low standard deviation (<0.5)
means that the nanowire size is confined in a small range. The regression constant R2 of 0.99 indicates
the fitting curve is very close to the size distribution. From the overall results, the mean diameter
of ZnO nanowires reveals an obvious dependence on annealing temperature as shown in Figure 3h;
the mean diameter increases with increasing annealing temperatures. In the temperature range of
400–650 ◦C, the temperature dependence of growth mean diameter of ZnO nanowires can be described
by a parabolic law (solid curve). The standard deviations as shown in Figure 3i are less than 0.5,
revealing that the distribution of mean diameters is uniform.

Table 1. Summary of the fitting parameters obtained from the log normal function.

TA (◦C) Sample <d> (nm) δ (nm) Area R2

400 T400 33.2 ± 0.3 0.24 ± 0.01 3219 ± 113 0.99
450 T450 33.4 ± 0.4 0.39 ± 0.01 2789 ± 78 0.99
500 T500 36.6 ± 0.4 0.35 ± 0.01 1834 ± 204 0.99
550 T550 38.5 ± 1.6 0.31 ± 0.04 1834 ± 204 0.92
600 T600 37.4 ± 1.9 0.35 ± 0.04 2817 ± 331 0.88
650 T650 57.5 ± 2.5 0.49 ± 0.04 3348 ± 441 0.97
700 T700 191.5 ± 8.2 0.34 ± 0.04 4177 ± 442 0.93
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Figure 2. Scanning electron microscopy (SEM) images for a series of samples synthesized at (a) 300 ◦C;
(b) 400 ◦C; (c) 450 ◦C; (d) 500 ◦C; (e) 550 ◦C; (f) 600 ◦C; (g) 650 ◦C; (h) 700 ◦C and (i) 800 ◦C, respectively.

Figure 3. Size distributions for a series of samples synthesized at (a) 400 ◦C; (b) 450 ◦C; (c) 500 ◦C;
(d) 550 ◦C; (e) 600 ◦C; (f) 650 ◦C and (g) 700 ◦C, respectively; and (h,i) show the mean diameter and
the standard deviation versus annealing temperatures.

3.2. Crystal Structure Analysis of ZnO Nanowires

Transmission electron microscopy (TEM) is an important microscopic technique for cancer
research, material science, and nanotechnology. In the present study, the high-resolution (HR)
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images and the selected area electron diffraction (SAED) patterns were obtained by an analytical
transmission electron microscope (JEOL 3010, Peabody, MA, USA) and a field emission transmission
electron microscope (JEOL JEM-2100, Peabody, MA, USA). Figure 4a shows an example of the TEM
result of a straight ZnO nanowire of the T450 sample. The diameter of the ZnO nanowire is about
32 nm. The single crystalline nature is revealed. The diffraction pattern along the (001) direction
shown in Figure 4b can be indexed as hexagonal ZnO in structure with a space group of P63mc.
A high-magnification enlargement of a selected area of the high-resolution TEM image is shown in
Figure 4c. It can be seen that the normal direction of planes is not parallel to the growth direction
of the ZnO nanowire. A gray-level analysis was used to extract the scattering intensity which can
be fit using a multi-Gaussian function to obtain the average plane spacing. Figure 4d shows the
fitting result, in which the asterisk and the solid line show the experimental data and fitting curve,
respectively. The fitted distance is 0.279 (4) nm, corresponding to the d-spacing of (100) planes of
ZnO hexagonal structure. The lattice parameter of the hexagonal structure can be calculated using
the relationship: 1

dhkl
2 = 4

3
h2+hk+k2

a2 + l2

c2 , where dhkl is a spacing between two planes of (hkl), a and c
are lattice parameters, and h, k, and l are the Miller indices. The result shows the lattice parameter
a of 0.32(3) nm. Since the c-axis of the hexagonal structure is perpendicular to the scattering plane,
we could not measure the lattice constant c. Based on this analysis, a schematic crystal structure of
a single ZnO nanowire is shown in Figure 4e. The growth direction of ZnO nanowires is along the
(110) direction. As the annealing temperatures was higher than 500 ◦C, dendritic ZnO nanowires
could be easily seen in the TEM images of Figure S2a (see supplementary materials of Figure S2) [22],
showing the morphology of a typical dendritic ZnO nanowire. The Bragg spots as shown in Figure 2b
correspond to the zone axis (001) reflection of the ZnO wurtzite structure.

The detailed structure of the ZnO nanowire was investigated using high-resolution images.
Two high-magnification enlargements of selected regions, marked in Figure S2a, are shown in
Figure S2c,d, respectively. It can be seen that there is an obvious atomic arrangement of hexagonal
symmetry and the atomic spacing can be obtained by the above gray-level analysis. The values
obtained from the fittings, as shown in Figure S2e,f were, respectively, 0.33 (3) and 0.33 (1) nm,
corresponding to the lattice constant a of the ZnO wurtzite structure. This result of lattice parameters
is consistent with that obtained by SAED observations. The growth directions of these branches are
indicated by the (110) direction. It can be explained that the two nanowires were inclined towards
each other by 60 degrees. In our experience, the branching nanowires appear randomly on the surface
of dendritic ZnO nanowires and the angle between the branches and trunks is closed to multiples
of 60 degrees and with no other angle able to be found [23–25]. Details of the corresponding lattice
parameters for various samples are summarized into Table 2. As can be seen in Table 2, the lattice
parameters of various samples are slightly smaller than that of bulk [26], assumed that the strain effect
is responsible for the lattice contraction [27].

The ZnO nanowires have a growth direction of (110), which is in contrast to the common (001)
growth direction [28–31]. Only a few papers [32,33] have reported that the ZnO nanowires grew
along the (110) direction. Similar analysis method of the structure and lattice parameters for a
single nanowire has been reported by Barriga et al. [34]. Four different cylindrical nanowire systems
(Ni, Co and Co58Ni42/Co83Ni17 nanowires), grown by standard electrodeposition techniques in the
nanometer size channels of porous alumina templates, were investigated using TEM and SAED.
In their comprehensive analysis, these results can be explained by considering the characteristics of
the measurement technique and the confined template-assisted growth, which force the atoms to be
accommodated in a cylindrical volume with nanoscale dimensions. The growth mechanism of ZnO
nanowires could be attributed to the short-circuit diffusion [33,35], the high zinc vapor pressure [36]
and the diffusion-limited supersaturated environment [23,25]. Rackauskas et al. [33] assumed that
the growth of ZnO nanowires is related to the diffusion through grain boundaries in the ZnO layer
and the crystal defects in ZnO nanowires. Fan’s group [36] proposed that the growths of the trunk
and branches go through a self-catalytic liquid-solid and vapor-solid process, respectively. Zinc atoms
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were heated to form a vapor at 600 ◦C and then nucleated on the nanowire surface to form branches.
Complementarily, Park et al. [25] assumed that the supersaturated reactant vapors play an important
role in forming the dendritic side branches. In this point of view, a catalyst is not necessary in the
formation of branch growth and the growth process of ZnO nanowires should be dependent on a
surface diffusion, with respect to the annealing temperatures and growth times. The formation of ZnO
nanowires was carried out by a two-dimensional EDS mapping investigation.

Table 2. A summary of lattice parameters for various samples.

Sample
Trunk Branch

Diameter (nm) Lattice Constant a (nm) Diameter (nm) Lattice Constant a (nm)

T400 13.0 0.32 (2)
T450 32.1 0.32 (3)
T500 54.1 0.33 (1) 19.1 0.33 (3)
T550 37.1 0.32 (3) 25.8 0.32 (3)
T600 65.2 0.32 (2) 56.4 0.32 (6)
T650 83.3 0.32 (3) 33.3 0.32 (3)

Figure 4. (a) Transmission electron microscopy (TEM) image; (b) corresponding selected-area electron
pattern; (c) high-resolution image of the selection region (marked in (a)) of ZnO nanowires for T450;
(d) height-position intensity along the line taken from high resolution (HR)-TEM (marked in (b)); and
(e) schematic figure of the crystal structure for a single ZnO nanowire.

3.3. Two-Dimensional EDS Mapping

To observe element and component distribution is important for investigating the diffusion in
nanomaterials. There are numerous experimental methods, such as secondary ion mass spectrometry,
electron microprobe analysis, auger electron spectroscopy, nuclear reaction analysis, nuclear magnetic
relaxation, confocal Raman spectroscopy, transmission electron microscopy, and energy dispersive
spectroscopy, for studying diffusion in solids, in which the energy dispersive spectrometer is a
convenient and useful tool to analyze spatial element distributions, especially EDS mapping images
that can offer direct evidence of element distributions. Figure 5a shows the schematic illustration
of EDS mapping of the cross-sections of ZnO samples. The broken samples were fixed on cleaned
silicon plates by carbon tape and then were mounted on a special sample holder for taking cross
section images. An EDS detector scans an edge portion near the sample surface and then depicts a
corresponding element mapping of a cross-section of the ZnO samples. Along the normal direction of
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the sample surface, we assumed that the bottom part is titanium substrate, followed by pure Zn film,
ZnOx film, and ZnO nanowires as shown in Figure 5b.

We assumed that the zinc atoms were diffused from the bottom of the ZnO films to the surface,
and then formed the ZnO nanowires. In this view, the diffusion length is related to the thickness of
layers on the grid surface. We can estimate the ZnO thickness to understand the growth mechanism
through EDS mapping technique. Figure 6a shows an example of the EDS mapping result for T500
sample, in which the corresponding SEM image is used as a background. The size of the scanning
area is about 60 × 54.2 μm, covering a cross-sectional area of a tube of titanium grid. The number
of scanning times is 5 in order to improve the measurement accuracy. The elements of zinc (blue),
oxygen (red), and titanium (green) were, respectively, indicated using the lock-in energy of Zn–Lα

(0.8–1.2 keV), O–Kα (0.4–0.6 keV), and Ti–Kα (4.3–4.7 keV). As shown in the Figure 6a, the center of
the tube (point A) shows the blue color, revealing the existence of the zinc component.

We assume that, due to thermal heating and grid expansion, zinc flows into the hollow tube from
the surface through crevices and fills the tube. On the upper surface of the grid (point B), the red
dots and blue dots are distributed uniformly, revealing that the grid has been covered in a thin zinc
oxide layer. On the other side of the grid surface (point C), the fewer oxygen signals were attributed to
the smaller contact area with oxygen during the annealing process. At the edge of the grid surface
(point D), a green ring showed clearly the position of the grid section. Incidentally, the number of
signal points in the upper part of the Figure 6a is more than that in the lower part due to the detection
angle and the focal length. The three element distribution mappings for Ti, O and Zn are, respectively,
shown in Figure 6b, in which the purple curves show the intensities of each element along the vertical
line (yellow), respectively. Line profile EDS analysis clearly shows the presence of O in the sample.
It can be seen that the intensity of oxygen signals deceases suddenly near the wall of the Ti and the
decreasing curve shown in Figure 6c can be used to obtain the thickness of ZnO layers. The curve can
be obtained by an exponential function [37]. The line width of the distribution can be used to define the
mean diffusion length <ξd>. The obtained diffusion length ξd is near 3.40 μm for T500 sample. A series
of EDS mapping were examined and obtained on various samples. The corresponding diffusion
lengths of the ZnO layer versus the annealing temperatures are shown in Figure 7. As seen in Figure 7,
the estimated values of ξd versus the annealing temperature TA are plotted, revealing an increase
with the increase in the diffusion length ξd. The red solid curve indicates the fit of the data to the
theoretical curve for an exponential decay function, namely ξd = ξdo + βTA, where ξdo = 0.41 (1) nm
and β = 0.073 (2) nm/K represents the initial constant and the fitted parameters, respectively.

Figure 5. (a) Schematic diagram of EDS mapping; and (b) hypothetical results of the corresponding
EDS spectra along the line scan.
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Figure 6. (a) A selected area EDS mapping of T500; (b) corresponding EDS mappings for a single
element; and (c) the counts of oxygen versus the positions.

Figure 7. Diffusion length is dependent on the annealing temperature, revealing a growth rate of
0.0073 μm/◦C−1.

In general, the short-circuit diffusion plays an important role below 0.5 times the melting
temperature [38]. The various samples in this study were fabricated below 0.5 times the melting
temperature of ZnO (1975 ◦C) [26], in which recrystallization and grain growth proceed slowly and
polycrystallinity provides effective short-circuit diffusion paths [35,39]. The short-circuit mechanism
was used to describe the formation of one-dimensional nanostructures [40]. For example, Lu et al. [41]
fabricatedα–Fe3O4 nanowires by oxidizing iron in pure oxygen between 400 and 600 ◦C. The oxide
layer can be controlled by varying the oxidation temperatures to form grains. They pointed out that
the iron ions diffuse from the Fe2O3/Fe3O4 interface to the free surface via grain boundary diffusion.
Subsequently, the Fe ions diffuse from the grain boundary to the nanowire root via surface diffusion to
form Fe3O4 nanowires on the top of Fe3O4 grains.

Xu et al. [42] fabricated CuO nanowires on Cu foils in wet air at a temperature range of 400–700 ◦C,
with diameters between 50 to 400 nm and lengths between 1 and 15 micrometers. The authors assumed
that a high density of sub-boundaries in the surface layer enhances the formation of nanowires. They
emphasized that the short-circuit diffusion dominates in the middle temperatures, while the lattice
diffusion would be important at high temperatures. Yuan et al. [43] proposed a method to enhance
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the nanowire growth density and length by increasing the surface roughness. It was found that the
increased surface roughness (smaller grains) results in more short diffusion paths and surface sites
that contribute to the diffusive transport of copper atoms along grain boundaries and the nucleation of
CuO in order to improve the nanowire density and length. We purposed that the growth mechanism
of ZnO nanowires was attributed to the short-circuit diffusion. A diffusion model [44] was used to
interpret the diffusion length, where a parameter of γ is taken as the percentage of the lattice activation
energy of zinc ions to clarify the contribution from short-circuit- or lattice-diffusion. The values γ

of 1/3 and 1 indicate that the diffusion prefers short-circuit- and lattice-diffusion, respectively [35].

The equation of diffusion length is shown as follows: ΔL =
√

DL · τ = [ β
2 α2vD exp(− γQ

RT ) · τ]
1/2

,
where ΔL is the diffusion length, DL is the diffusion coefficient, τ is the growth time (approximately
7200 s), β is the number of atoms jumping along (110), α (= 0.162 nm) is the d-spacing of (110) related
to the diffusion direction, vD (= 1.73 × 1011 s−1) is the vibrational frequency, Q (= 318 kJ/mol) is
the activation energy of ZnO [45], R (= 1.987 cal·mol·K−1) is the gas constant, and T is the growth
temperature. The vibrational frequency can be calculated by the equation: vD = 1

21/2

(
Q

mα2

)
, where

m (= 65.4 g/mol) is the zinc molar weight. Figure 8a shows the diffusion ratio γ versus annealing
temperatures. The colors indicate the different diffusion lengths as shown on the left, in which the
gray color denotes a diffusion length of less than 1 μm and the red color represents that of more
than 200 μm. The obtained diffusion lengths are marked in the figure by white solid circles. It can
be seen that the diffusion lengths corresponding to the growth temperatures of ZnO nanowires are
located in the region of 0.26–0.35 times the activation energy of ZnO lattice diffusion, revealing that
short-circuit diffusion dominates the diffusion process. Moreover, the value of activation energy
at T400 sample is ~83 kJ/mol, close to the migration energies of zinc interstitials (77 kJ/mol) and
vacancies (88 kJ/mol) [46]. Figure 8b and Table 3 show the diffusion ratio γ versus the annealing
temperatures, in which the experimental data can be described by a linear function.

In the high-temperature range, the diffusion ratio is high, meaning that the lattice diffusion plays
an important role in the transport process. The ZnO nanowires were found in a γ range of 0.261–0.353
where these γ values are close to 0.3, revealing that the short-circuit diffusion mechanism dominates
the diffusion. The dimensionality of ZnO nanowires can be controlled by adjusting the annealing
temperatures and the diffusion ratio. Figure 9 shows the schematic illustration of the growth process.
In the first step, the zinc ingot melted to form a zinc film in a reduced oxygen environment, as shown
in Figure 9a. Then, the zinc film reacted with the introduced oxygen gas to construct a thin ZnO film
on the top of the zinc film, as shown in Figure 9b. The thickness of the ZnO layer could be obtained by
probing the oxygen distribution in EDS mapping, as shown in Figure 9c. Finally, zinc atoms could
diffuse through the ZnO film to form various structures on the surface at temperature regions of
TA < 400 ◦C (Figure 9d), 400 < TA < 700 ◦C (Figure 9e), and TA > 700 ◦C (Figure 9f), respectively, in
which the ZnO nanowires were found at middle temperatures and ZnO film was obtained both at
high and low temperatures. The contribution of oxygen migration is not considered due to the large
atomic size and high migration energies [32]. According to the previous report [33], the migration
energies of oxygen interstitial and vacancy are 118 and 124 kJ/mol, respectively. ZnO nanowires
cannot grow at high temperatures, which could be explained by the grain sizes and thickness of ZnOx.
It is well known that the contribution from boundary diffusion decreases with increasing nanocrystal
size [47,48]. Brass and Chanfreau [48] proposed that a large density of grain boundaries would provide
fast atomic diffusion paths along the boundaries. Based on this, atoms that diffuse through small
grains to the surface would be faster than those in large grains. The grain size increases from tens to
hundreds of nanometers with increasing annealing temperatures. Besides this, the thickness of ZnOx

films also increased with annealing temperatures that were obtained in EDS mapping. Both the large
grains and thick films fabricated at high temperatures would prevent zinc atomic diffusion along grain
boundaries from the zinc film to the surface to form ZnO nanowires, in which the lattice diffusion
would be the dominant transport mechanism.
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Figure 8. (a) Plots of the diffusion length and diffusion ratio γ versus the annealing temperatures; and
(b) the diffusion ratio γ versus the annealing temperatures.

Figure 9. A schematic plot of growth process of ZnO structures: (a) sample preparation before
annealing; (b) the formation of zinc film; (c) the oxidation on the film surface and the formation of
various ZnO structures at (d) TA < 400 ◦C, (e) 400 < TA < 700 ◦C, and (f) TA > 700 ◦C.
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Table 3. Diffusion lengths along with simulated results for a diffusion theory. The value γ is the ratio
of the activation energy.

Dimensionality Sample Diffusion Length (μm) Diffusion Ratio γ

1-D T400 3.404 0.261
1-D T450 3.674 0.278
3-D T500 3.927 0.294
3-D T550 4.310 0.309
3-D T600 4.861 0.323
3-D T650 5.080 0.339
3-D T700 5.542 0.353

Large grains T800 4.462 0.402

4. Conclusions

The growth mechanism and the phonon confinement effect in 1D and 3D network ZnO nanowires
are investigated. The ZnO nanowires were fabricated by a Ti-assisted chemical vapor deposition
method without any catalyst in a temperature range of 400–700 ◦C. The mean diameter ranging from
33.2 to 191.5 nm increased with the increasing temperature. The dimensionality can be controlled by
adjusting the annealing temperatures. Below 500 ◦C, only one-dimensional ZnO nanowires can be
found on the sample surface, and, above it, three-dimensional ZnO nanowires were able to be grown.
ZnO nanowires have a hexagonal structure with a space group of P63mc and the (110) growth direction.
The formation of ZnO nanowires was attributed to the short-circuit diffusion. Energy dispersive X-ray
spectroscopic mapping technique was used to depict the diffusion of zinc atoms through ZnOx film
from the zinc base to the film surface. A diffusion model was utilized to calculate the activation energy
of the diffusion for various samples. The result shows that the activation energy is 0.26–0.35 times the
activation energy of ZnO lattice diffusion, revealing that the growth of ZnO nanowires was related to
the diffusion goes through the grain boundaries or sub-boundaries and then forms ZnO nanowires.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/7/7/188/s1,
Table S1. A list of space groups and lattice parameters of Zn, Ti and ZnO; Figure S1. Optical images for various
annealing temperaure of samples (a) an unheated Ti grid and a series of samples synthesized at (b) 300 ◦C;
(c) 350 ◦C; (d) 400 ◦C; (e) 450 ◦C; (f) 500 ◦C; (g) 550 ◦C; (h) 600 ◦C; (i) 650 ◦C; (j) 700 ◦C; (k) 750 ◦C; and (l) 800 ◦C,
respectively; Figure S2. (a) TEM image; (b) corresponding selected-area electron pattern; (c,d) high-resolution
images of selected regions (marked in (a)) of ZnO nanowires for T500; (e) and (f) show the height-position intensity
along the lines taken from HR-TEM marked in (c) and (d), respectively.
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Abstract: ZnO/ZnS heterostructures have emerged as an attractive approach for tailoring the
properties of particles comprising these semiconductors. They can be synthesized using low
temperature sol-gel routes. The present work yields insight into the mechanisms involved in the
formation of ZnO/ZnS nanostructures. ZnO colloidal suspensions, prepared by hydrolysis and
condensation of a Zn acetate precursor solution, were allowed to react with an ethanolic thioacetamide
solution (TAA) as sulfur source. The reactions were monitored in situ by Small Angle X-ray Scattering
(SAXS) and UV-vis spectroscopy, and the final colloidal suspensions were characterized by High
Resolution Transmission Electron Microscopy (HRTEM). The powders extracted at the end of the
reactions were analyzed by X-ray Absorption spectroscopy (XAS) and X-ray diffraction (XRD).
Depending on TAA concentration, different nanostructures were revealed. ZnO and ZnS phases
were mainly obtained at low and high TAA concentrations, respectively. At intermediate TAA
concentrations, we evidenced the formation of ZnO/ZnS heterostructures. ZnS formation could take
place via direct crystal growth involving Zn ions remaining in solution and S ions provided by TAA
and/or chemical conversion of ZnO to ZnS. The combination of all the characterization techniques
was crucial to elucidate the reaction steps and the nature of the final products.

Keywords: ZnO; ZnS; quantum dots; heterostructure; sol-gel; Small Angle X-ray Scattering;
X-ray Absorption Spectroscopy; UV-vis spectroscopy

1. Introduction

ZnO and ZnS are wide band gap semiconductors with outstanding electronic and optical properties.
They are used in a wide range of applications such as photocatalysts, sensors, electroluminescent devices
and lasers [1–4]. More specifically, ZnO quantum dots (QDs) are promising luminescent probes for
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bioimaging due to their biodegradability and very low toxicity in vivo [5–9]. In recent years, ZnO/ZnS
heterostructures have emerged as an attractive approach for tailoring the particle characteristics and
properties [10,11]. When core–shell nanoparticles are formed, the shell acts as a barrier between the
core and the surrounding medium, and can change the chemical reactivity and colloidal stability
of the core. It is also a strategy for improving the photoluminescence properties of semiconductor
nanoparticles (NPs) [12]. Coating NPs with a higher band gap semiconductor can passivate the
core surface, eliminating surface-related defect states that induce non-radiative recombination of
photogenerated electron–hole pairs (excitons), thereby lowering fluorescence quantum yield and
giving rise to “blinking” [13]. ZnO/ZnS core–shell nanocables [14], nanorods [15,16], nanotubes [17],
nanowires [18] and nanospheres or powders [19–23], with dimensions in the 25–200 nm range,
were obtained. They were synthesized in solution at moderate temperatures via a partial chemical
conversion of ZnO to ZnS in the presence of a sulfur source or via addition of both a sulfur source and
a Zn precursor to preformed ZnO NPs. Most reports deal with sulfidation processes performed in an
aqueous medium using Na2S as the sulfur source. Different kinds of shells were obtained, from porous
shells formed of small nanoparticles to compact shells ensuring a full coverage and, accordingly,
different luminescent properties of the ZnO/ZnS structures were described.

The aim of our study is to yield insight into the detailed mechanisms of the heterostructure
formation, important for a controllable and reproducible synthesis. We have investigated the formation
of ZnO/ZnS heterostructures or the conversion of ZnO QDs to ZnS QDs using a straightforward,
low-temperature (60 ◦C) route. ZnO colloidal suspensions were prepared by a sol-gel process,
involving hydrolysis and condensation of a Zn acetate precursor solution, as described in our previous
reports [24–26]. These suspensions were then allowed to react with an ethanolic thioacetamide (TAA)
solution, as sulfur source. TAA concentration was varied to reveal the influence of this parameter on
the so-formed particles. The formation of ZnO/ZnS nanostructures was monitored by Small Angle
X-ray Scattering (SAXS) and UV-vis spectroscopy techniques. Nanoparticles were further characterized
by X-ray diffraction (XRD), X-ray Absorption Spectroscopy (XAS) and High Resolution Transmission
Electron Microscopy (HRTEM). Different ZnO/ZnS nanostructures were identified, depending on the
synthesis conditions. The combination of all the characterization techniques was crucial to elucidate
the reaction steps and the final products.

2. Materials and Methods

Zinc acetate dehydrate, ZnAc2·2H2O (Qhemis, Indaiatuba, Brazil, 98%), thioacetamide,
TAA (Sigma-Aldrich, St. Louis, MO, USA, 99.0%), lithium hydroxide monohydrate, LiOH·H2O
(Vetec, Speyer, Germany, 98%), ethanol (Qhemis, Indaiatuba, Brazil, 99.5%) and heptane (Synth,
Diadema, Brazil, 99%), were used as received, without further purification. Zinc oxide (Alfa Aesar,
Haverhill, MA, USA) and zinc sulfide (Prolabo, Fontenay-sous-Bois, France) were used as standard.

2.1. Synthesis

ZnO colloidal suspensions (ZnO Susp) were synthesized according to the sol-gel route proposed
by Spanhel and Anderson [27]. The Zn4O(Ac)6 tetrameric precursor (labeled herein ZnAc precursor)
was first prepared by refluxing an absolute ethanol solution containing 0.05 M ZnAc2·2H2O over a
period of ~2 h at 80 ◦C. The thus obtained transparent precursor solution was stored at ~4 ◦C before
to be used for the ZnO QDs preparation. Hydrolysis and condensation reactions leading to the ZnO
colloidal suspensions were done by adding under continuous stirring a LiOH·H2O absolute ethanol
solution (0.5 M). Reactions were carried out at 40 ◦C and, after 5 s of stirring, the ZnO colloidal
suspension was immediately cooled and stored at ~4 ◦C to prevent any further nucleation and growth
process. A nominal molar ratio of [OH]/[Zn] = 0.5 was used. The thus obtained suspension contained
about 20% ZnO QDs and 80% remaining ZnAc precursor [24].

To investigate the sulfidation process, 10 mL of ZnO colloidal suspension were allowed to react
with 10 mL of TAA ethanolic solution (as sulfur source) under continuous magnetic stirring at 60 ◦C
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for 40 min. The suspension was then cooled and stored at ~4 ◦C. Different concentrations of TAA were
used while the other parameters remained unchanged. The final products prepared with different
amounts of TAA (1.5, 5 and 50 mM) were designed as TAA1.5, TAA5 and TAA50, respectively.
The corresponding [Zn]/[S] nominal molar ratios were 33.33, 10, and 1, respectively.

A ZnS colloidal suspension was synthesized by mixing 10 mL of ZnAc precursor with 10 mL of
TAA 5 mM ethanolic solution under continuous stirring at 60 ◦C for 10 min. The [Zn]/[S] nominal
molar ratio was 10. The suspension was then cooled and stored at ~4 ◦C. This sample, designed as
ZnS QDs, was used for comparison with QDs prepared as described above.

2.2. Powder Extraction

The as-synthesized colloidal suspensions (ZnO QDs, TAA1.5, TAA5, TAA50 and ZnS QDs)
were mixed with a “nonsolvent” heptane [28] (1:4) to induce the precipitation of the QDs, and then
centrifuged at 20 ◦C for 10 min (10,000 rpm). The supernatant solution was discarded and the washed
powder was dried under vacuum at room temperature. This method allows extracting the QDs
without modifying their size and structure. The dried powders were characterized by XRD and XAS.

2.3. Characterization

2.3.1. X-ray Diffraction (XRD) of powders

XRD analysis of the powders was performed on a Bruker D2 PHASER diffractometer (Karlsruhe,
Germany) using the Cu Kα radiation, λ = 1.5418 Å, selected by a curved graphite monochromator and
a fixed divergence slit of 1/8 deg. in a Bragg–Brentano configuration. The diffraction patterns were
measured in the 2θ range 5–70◦ by the step counting method (0.1 step and 3 s counting time).

2.3.2. High Resolution Transmission Electron Microscopy (HRTEM)

HRTEM investigations were performed with a Philips microscope model CM 200 (FEI Compay,
Hillsboro, OR, USA) operating at 200 keV. A drop of the dilute colloidal suspension of QDs was
deposited on a copper grid carbon film and dried. Image analysis was carried out with ImageJ
(National Institutes of Health, Bethesda, MD, USA) and Digital Micrograph software (Gatan Inc.,
Pleasanton, CA, USA) packages.

2.3.3. X-ray Absorption Spectroscopy (XAS)

X-ray absorption experiments were performed at the Spectroscopy Applied to Material Based
on Absorption (SAMBA) beamline at the French synchrotron source Optimized Light Source of
Intermediate Energy to LURE (SOLEIL) (Saint-Aubin, France). A fixed exit sagitally focusing Si (220)
double crystal monochromator was used. The grazing incidence of the white and monochromatic
beams on both Pd-coated collimating and focusing mirrors was set at 4 mrad, ensuring an efficient
harmonic rejection. The beam size was about 2 mm (H) × 0.5 mm (V) at the sample position.
The ionization chambers were filled with a N2/He gas mixture and the transmission mode was
used to record the data.

The software packages Athena (Washington, DC, USA) and Artemis (Washington, DC, USA) [29]
were used to analyze the XAS data. To calibrate each data set in energy the maximum of the first
derivative of the zinc reference foil, recorded simultaneously with the data, was used. A linear
background was fitted to the pre-edge region and subtracted from the spectra. A post-edge background
using the AUTOBK algorithm was applied with a cutoff Rbkg (distance (in Å) for χ(R) above which
the signal is ignored) = 1.15 and k-weight = 3 in order to isolate the extended X-ray absorption fine
structure (EXAFS) oscillations χ(k). Then, the Fourier transformations of EXAFS data were carried
out between 3.7 and 12 Å−1 using a k3-weighting Kaiser–Bessel window with a dk (FFT window
parameter) = 2 apodization window.
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2.3.4. Small-Angle X-ray Scattering (SAXS)

The SAXS measurements were performed at SAXS1 beamline of the Brazilian Synchrotron Light
Laboratory (LNLS, Campinas, Brazil). The beamline was equipped with a monochromator (λ = 1.550 Å),
a two-dimensional (2D) detector, Pilatus 300 K, localized at 934.934 mm from the sample to record
the scattering intensity I(q) as a function of the scattering vector, q. The resulting scattering vector, q,
ranged from 0.11 to 4.15 nm−1. Silver behenate standard was used to calibrate the q range.

The nucleation and growth of nanoparticles have been followed in situ, injecting the freshly
prepared reactional solution into the thermostated sample holder (Campinas, Brazil) which was set to
60 ◦C. Time-resolved SAXS patterns could be recorded from the beginning of the reaction. The curves
were collected within an interval of 1 min.

Data were normalized taking into account the beam decay, acquisition time and sample
transmission. The scattered intensity of the sample holders, and the solvent (ethanol) were subtracted
from the total intensity. The analysis of the SAXS data was carried out using the software package
SASfit (Villigen, Switzerland) [30].

2.3.5. UV-vis Spectroscopy

The absorption spectra were measured using a Cary Win 4000 UV-vis spectrophotometer
(Santa Clara, California, United States) with a cuvette of 1mm optical path. Five aliquots were
collected at different times (1, 5, 10, 20 and 40 min) for each reaction (TAA1.5, TAA5 and TAA50)
and diluted 8 times in ethanol to be recorded in the linear absorption range. The reaction TAA50,
as well as ZnS QDs, was also monitored in situ using a Cary 60 UV-vis (Santa Clara, CA, USA) with an
immersion probe with optical path of 2 mm.

All spectra of the QDs colloidal suspensions were recorded between 200 and 400 nm, with a
wavelength step of 1 nm, and an average counting time of 0.2 s per point. The UV-vis spectra were
corrected from the absorption spectrum of ethanol. The size of ZnO QDs was determined from the
absorption spectra using the effective mass model derived by Brus [31].

3. Results and Discussion

ZnO/ZnS QDs were prepared via a simple sol-gel synthesis. The base-catalyzed hydrolysis
and condensation reactions, leading from the ZnAc precursor to ZnO QDs, were stopped before
completion and an ethanolic solution of TAA, used as sulfur source, was then added to the suspension
containing both ZnO NPs and remaining ZnAc precursor; sulfur ions released upon TAA hydrolyze
could react with Zn ions to form ZnS. Insights into the nature and size of crystallites could be obtained
from HRTEM and XRD, the later technique being more representative of the whole sample. XAS was
recorded at the Zn K-edge to probe the local environment around Zn atoms and evidence ZnO or
ZnS structures hardly detectable by XRD because of their very small size and/or lattice disorder.
Finally, SAXS and UV-vis spectroscopy allowed monitoring in situ the formation of nanoparticles
through either the nanoparticle size measurement or the ZnO and ZnS excitonic peak growth.

3.1. Structural Features of Powders

Diffraction patterns of powders collected at the end of the synthesis are presented in Figure 1a.
The positions of peaks characteristic of the ZnO hexagonal wurtzite structure are marked with dashed
black lines while those indicative of the ZnS cubic zinc blende structure are marked with dashed
red lines. These phases are the most stable for ZnO and ZnS, respectively [32,33]. The TAA1.5
sample exhibits peaks characteristic of ZnO. Figure 1b displays a zoom of the diffraction curves
between 2θ = 23◦ and 2θ = 40◦ for ZnO QDs, ZnS QDs, and TAA5 sample. A careful observation
shows the presence of small broad peaks characteristic of ZnO and ZnS structures in TAA5 sample
pattern, pointing out the coexistence of both phases. The TAA50 pattern is similar to that of ZnS QDs,
suggesting the formation of the cubic zinc blende structure. However, because of the broadening of the
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diffraction peaks in the [42◦, 65◦] 2θ range (Figure 1c), the wurtzite and zinc blende phases could not
be distinguished based on XRD patterns only [34]. HRTEM images further supported the formation of
the cubic zinc blende structure in TAA50 sample (results not shown).

Figure 1. (a) X-ray diffraction (XRD) patterns of ZnO and ZnS standards, ZnO and ZnS quantum dots
(QDs), and samples prepared with different concentration of the sulfur source (thioacetamide (TAA)),
where the vertical lines indicate the hexagonal wurtzite phase (black) and cubic zinc blende phase
(red); (b) Zoom of the peaks (111), (100), (002) and (101) in the 2θ range from 23◦ to 40◦ of the ZnO
QDs, ZnS QDs, and TAA5; and (c) Zoom of the peaks (220) and (311) in the 2θ range from 42◦ to 65◦ of
the ZnO QDs, ZnS QDs, ZnS Standard and TAA50.

The average size of ZnO and ZnS nanocrystals could be estimated using the Debye–Scherrer
relation [35] applied to the (100), (002) and (101) reflections of ZnO and (111) reflection of ZnS, respectively:

D =
kλ

β cos θ

where D is the average crystallite size; k is a constant (shape factor, 0.89 for spherical nanoparticles),
λ is the X-ray wavelength, β is the Full-Width-at-Half-Maximum (FWHM) of the diffraction peak
and 2θ is the diffraction angle. The crystallite sizes of ZnO and ZnS QDs were about 5.3 and 1.4 nm,
respectively. Regarding TAA5 sample, the crystallite size could not be accurately determined because
of the weak broad pattern.

TAA5 sample imaged by HRTEM with low (Figure 2a) and high (Figure 2b) magnification is
presented in Figure 2. Figure 2a shows that the sample is crystalline. In Figure 2b, the lattice fringes of
two attached ZnO and ZnS crystals are clearly observed. The 0.26 nm spacing arises from the 002 lattice
planes of the wurtzite ZnO phase [36], while the 0.31 nm spacing results from the (111) planes of
the blende ZnS phase [37]. The HRTEM study corroborates XRD data, revealing the presence of
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wurtzite ZnO and zinc blende ZnS phases; the morphology evidences the coexistence of ZnS and
ZnO nanocrystals.

 

Figure 2. (a) High Resolution Transmission Electron Microscopy (HRTEM) image of TAA5 showing in
(b) the interplanar spacing of ZnO and ZnS phases.

Figure 3a,b displays the X-ray absorption near edge structure (XANES) spectra and Fourier
Transforms (FT) of EXAFS spectra recorded for the different samples and compared to the standard
references. Significant differences in XANES shape and white line positions can be observed between
the standard ZnO and ZnS references. The FT of ZnO EXAFS spectrum is characterized by two main
contributions, the first one corresponding to the oxygen tetrahedral coordination shell at 1.96 Å and a
second one related to the zinc second next neighbors at 3.23 Å [38], whereas ZnS presents essentially
a first tetrahedral sulfur coordination shell at 2.34 Å and a broad contribution with low intensity
compared to ZnO corresponding to the zinc second next neighbors at 3.82 Å [39].

Figure 3. (a) X-ray absorption near edge structure (XANES) spectra; and (b) Fourier Transforms of
extended X-ray absorption fine structure (EXAFS) spectra recorded for the different samples and ZnO
and ZnS standard references.
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TAA1.5 sample displays a XANES spectrum very similar to those recorded for ZnO QDs and ZnO
standard. This feature indicates that this sample consists mainly of ZnO nanoparticles. Conversely,
the sample prepared with the highest TAA amount (50 mM) displays a XANES spectrum closer to that
of ZnS standard. This finding evidences that the large amount of sulfur ions in the medium favored
the formation of nanoparticles presenting local order arrangement comparable to ZnS.

FT spectra fully support the conclusions drawn from the XANES spectra. Samples with ZnO
QD characteristics (TAA1.5) and those with ZnS features (TAA50) show FT peaks located at the same
positions as the respective standards. The FT spectrum of the sample prepared with intermediate TAA
concentration (5 mM) is characterized by the double maximum of the first contribution, revealing the
simultaneous presence of ZnO and ZnS, in agreement with XRD and HRTEM results.

Further insights into the structural features of the samples were obtained by the least-square
fitting procedures of the first coordination shells. The so obtained structural parameters are gathered in
Table 1. As expected, TAA1.5 is characterized by 3.6 ± 0.2 oxygen atoms at 1.99 ± 0.01 Å. This confirms
that only ZnO QDs are observed for the lowest TAA concentration. TAA50 can be described by a
coordination shell made of 3.0 ± 0.2 sulfur atoms at 2.34 ± 0.01 Å and 1.2 ± 0.1 oxygen atoms at
2.02 ± 0.01 Å. Of note, no contribution at larger distances is observed. The XANES spectrum of
TAA50 is satisfactorily fitted by a linear combination of ZnO QD and ZnS standard spectra, in the
~25:75% proportion. This composition is in perfect agreement with the oxygen and sulfur coordination
numbers reported in Table 1, suggesting that this sample is a mixture of both QDs: ~25% of ZnO QDs
and 75% of ZnS QDs. The lack of medium range order can be explained by the small size of ZnS QDs
(~1.4 nm), compared to that of ZnO QDs (~5.3 nm), resulting in no detectable contribution of Zn-Zn
second neighbors to the FT spectra.

Table 1. Extended X-ray absorption fine structure (EXAFS) structural parameters for the first Zinc
coordination sphere of ZnO and ZnS, and the percentages of ZnO and ZnS deduced from the Linear
Combination Fittings (LCF) of X-ray absorption near edge structure (XANES) spectra.

Sample NZn-O RZn-O σ2
Zn-O (Å2) NZn-S RZn-S σ2

Zn-S (Å2) Rfactor

LCF

% ZnO % ZnS

ZnO Standard 4 1.97 0.004 ± 0.002 0.0003
ZnO QDs 3.7 ± 0.4 1.97 0.005 ± 0.001 0.0014
TAA1.5 3.6 ± 0.2 1.99 0.006 ± 0.001 0.0003 98 2
TAA5 2.0 ± 0.6 2 0.007 ± 0.005 2.2 ± 1.0 2.34 0.007 ± 0.005 0.0027 37 63

TAA50 1.2 ± 0.1 2.02 0.008 ± 0.001 3.0 ± 0.2 2.34 0.008 ± 0.001 0.0001 23 77
ZnS Standard 4 2.34 0.006 ± 0.001 0.0004

In the case of TAA5, the relative proportions of ZnO QDs and ZnS QDs deduced from LCF of the
XANES spectrum are 37% and 63%, respectively, which should lead to about 1.5 oxygen atoms and
2.5 sulfur atoms in the first coordination shell of Zn. These values are very close from those retrieved
from the least-square fitting procedures, suggesting a first coordination shell around Zn composed of
2.0 ± 0.6 oxygen atoms at 2.00 ± 0.02 Å and 2.2 ± 1.0 sulfur atoms at 2.34 ± Å. The slight increase
of the number of O atoms, 2.0 instead of 1.5, observed could be associated to the formation of the
core–shell structure.

3.2. Time-Resolved Study of the Nanoparticle Synthesis

The formation of the QDs was first studied by UV-Vis absorption spectroscopy. Figure S1a in the
Supplementary Materials shows the UV-vis spectra of ZnO QDs, ZnS QDs and a mixture of ZnO and
ZnS QDs and Figure S1b presents the UV-vis spectrum of the ethanolic solution of TAA. The excitonic
peaks at about 290 nm and 350 nm are characteristic of ZnS QDs [40] and ZnO QDs [26], respectively,
and the band around 266 nm is the fingerprint of TAA. The decrease of the TAA absorption band
reflects the release of S−2 ions into the solution. QDs are characterized by a decreasing band gap,
and thus a red-shift of their excitonic absorption, with increasing QD size. The radius of ZnO QDs
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(RUV-vis) could therefore be determined from the absorption spectra using the effective mass model
derived by Brus.

UV-vis absorption spectra measured at 1, 5, 10, 20 and 40 min of reaction for the different TAA
concentrations are shown in Figure 4. ZnS QDs formation is also show in Figure 4a for comparison to
the other reactions. The inset in Figure 4a shows the spectrum of the ZnS washed and redispersed in
ethanol, which exhibited the excitonic peak at about 290 nm characteristic of ZnS QDs. For TAA50,
the reaction was also monitored in situ and time-resolved UV-vis spectra are shown in Figure 5.

Figure 4. Selected UV-vis spectra measured at the indicated reaction times (min) for: (a) ZnS quantum
dots (QDs); and different thioacetamide (TAA) concentrations: (b) 1.5 mM; (c) 5 mM; and (d) 50 mM.
The inset in (a) shows the spectrum of the ZnS QDs washed and redispersed in ethanol. The insets in
(b) and (c) show a zoom of the ZnO excitonic peaks at the indicated reaction times (min) for TAA1.5 and
TAA5, respectively.

At the lower TAA concentration, we observe a red-shift of the excitonic peak of ZnO corresponding
to a growth of about 0.3 nm. Moreover, the absence of a ZnS excitonic peak confirms the sole presence
of ZnO nanocrystals.

For TAA5 we do not observe any displacement of the excitonic peak of ZnO as a function of
time, indicating that the size of the ZnO nanoparticles remains constant. This behavior might be
explained by the formation of a ZnS shell around the ZnO core, preventing the growth of the latter.
On the other hand, the absorbance varied along the time. It increased slightly in the first minutes of
the reaction, reflecting an increase in the number of ZnO QDs (inset of Figure 4c). It can be assumed
that the nucleation of new ZnO QDs resulted from the hydrolysis and condensation of the precursor
still present in the suspension. After about 5 min, the opposite trend was observed: the absorbance
decreased along time. We can suggest that some of the ZnO QDs could be converted into ZnS. At the
end of the reaction, both excitonic peaks of ZnO and ZnS were observed.

For TAA50, the ZnO peak present at the beginning of the reaction slowly decreases to finally
vanish as the reaction proceeds. This reaction was monitored in situ and the Figure 5 presents selected
UV-vis spectra of different reaction times (min) (Figure 5a) 1–5, (Figure 5b) 5–21, and (Figure 5c)
21–40, as well as (Figure 5d) the spectrum of the final product washed and redispersed in ethanol.
From 1 to 5 min (Figure 5a), a red-shift accompanied by the increase of absorbance intensity is
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observed, demonstrating a slight increase of the size of ZnO QDs and the increase of the number of
ZnO nanoparticles, as observed for TAA5. From 5 to 21 min of reaction (Figure 5b), the absorbance
intensity of the ZnO excitonic peak decreases. This can be interpreted as the consumption of the ZnO
nanoparticles with the simultaneous formation of ZnS. From 23 to 40 min (Figure 5c), the ZnO excitonic
peak is absent and a red-shift of the peak around 320 nm is observed demonstrating the growth of
ZnS QDs. To confirm the formation of ZnS nanoparticles, the TAA50 reaction product was washed in
order to remove the unreacted TAA, which dominates the absorption spectrum in this wavelength
range (Figure 4c), and re-suspended in ethanol before UV spectroscopy analysis. As expected, the peak
around 290 nm fully confirms the formation of ZnS nanoparticles as the main phase (Figure 5d).

Figure 5. Selected UV-vis spectra of TAA50 reaction measured at the indicated reaction times (min):
(a) 1–5; (b) 5–21; and (c) 21–40; and (d) the spectrum of the final product washed and redispersed
in ethanol.

The growth of the different populations of nanoparticles was further evidenced by time-resolved
SAXS patterns recorded from the beginning of the reactions. The reactional solution was injected in
the sample holder and kept at 60 ◦C and the reaction was monitored during 40 min. Figure 6 presents
the log–log plot of selected SAXS curves measured at increasing times of reaction for the different
concentrations of TAA. The SAXS curves of ZnO QDs ([TAA] = 0, Figure 6a) display a plateau at
low q-range (Guinier region) and an asymptotic linear decrease in the high-q range (Porod region),
characteristic of a dilute suspension of nanoparticles. In the Guinier region, the scattered intensity can
be approximated by I(q) = I(0) exp(−Rg2q2/3) where Rg is the radius of gyration (Guinier radius) of
the particles or aggregates and I(0) is the limit of I(q) when q → 0, given by I(0) = N × (ρp − ρs)2 × V2,
where N is the particle number density, ρp and ρs are the average electron densities of the particles
and the solution, respectively, and V is the volume of the particle [41]. The gradual shift of curves
toward lower q values reflects the increase of the mean nanoparticle size while the nucleation of new
nanoparticles induces an increase in I(0). A similar behavior was observed for TAA1.5 and TAA5.
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Figure 6. Selected small angle X-ray scattering (SAXS) profiles recorded in situ at the indicated reaction
times (min) for: (a) ZnO quantum dots (QDs); and for different thioacetamide (TAA) concentrations:
(b) 1.5 mM; (c) 5 mM; and (d) 50 mM.

Figure 7 gathers the time evolution of the QD average radii (RSAXS) deduced from Rg values
(RSAXS = (5/3)1/2 Rg for a spherical NP) of colloidal particles formed using 0 (ZnO QDs), 1.5 and
5 mM TAA concentrations. For TAA concentration equal to 1.5 mM the evolution of RSAXS is almost
identical to that of ZnO QD RSAXS ([TAA] = 0.0 mM). TAA had a negligible effect on the growth of
colloids. RSAXS of TAA5 displays a similar evolution until 10 min. After that, RSAXS increases from
3.5 to 4.8 nm at the end of the reaction. The comparison of RUV-vis, which remains constant in the course
of the reaction, and RSAXS suggest that the RSAXS increase is related to aggregation of nanoparticles
and/or to the growth of ZnO/ZnS heterostructures: ZnS shells could form on ZnO, yielding larger
scattering objects.

Figure 7. Time evolution of the quantum dots (QDs) average radii (RSAXS) deduced from Rg values
(RSAXS = (5/3)1/2 Rg for a spherical NP) of colloidal particles formed using 0 (ZnO QDs), 1.5 and 5 mM
thioacetamide (TAA) concentrations and the RUV-vis calculated by Brus equation from UV spectra of
TAA1.5 and TAA5. Solid lines are guides for the eye.
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The SAXS profiles recorded during synthesis of TAA50 samples are markedly different (Figure 6d):
the first curves, characterized by a Guinier regime and an asymptotic linear decrease at high q,
are typical of a single population of diluted nanoparticles, whereas the curves recorded later show
two Gaussian decays, suggesting the presence of two populations of nanoparticles having different
average sizes.

We highlight in Figure 8 four time intervals characteristic of the different evolution steps of TAA50
SAXS curves between: (a) 1–5 min; (b) 5–9 min; (c) 9–23 min; and (d) 24–40 min.

Figure 8. Small-angle X-ray scattering (SAXS) curves recorded during TAA50 reaction at different
time intervals: (a) 1–5 min; (b) 5–9 min; (c) 9–23 min; and (d) 24–40 min. In (c) the two arrows at
q1 = 0.44 nm−1 and at q2 = 1.78 nm-1 indicate the two isobestic points.

At the early reaction time (Figure 8a), the mean QD size increases, in agreement with the red-shift
of the ZnO excitonic peak. The main modification in the shape of the SAXS curves observed between
~5 and 9 min (Figure 8b) is then the emergence of the second Gaussian decays. The slope at high q
range (−3.2) corresponds to a diffuse interface, possibly due to the formation of a shell of variable
composition or to localized etching of the nanoparticles resulting in a rough surface. After this step,
all the SAXS curves clearly display two Gaussian decays. In the intermediate period (Figure 8c: 9 to
23 min), the curves present a double crossover at q1 = 0.44 nm−1 and at q2 = 1.78 nm−1, characterizing
two isobestic points. The existence of these isobestic points implies that at least two equilibrium states
describe the nanostructural transformation occurring from 9 to 23 min. One population of scatters
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grows at the expense of the other one. In the last step (Figure 8d), the largest nanoparticles continue
to grow.

The analysis of the SAXS experimental results for TAA50 was therefore carried out considering
two populations (denoted as 1 and 2) of nanoparticles; SAXS data were satisfactorily fitted with
the sum of two distributions, characterized by the mean average radii of gyration Rg1 and Rg2
(see Supplementary Materials). Figure 9a gathers the time evolution of RSAXS1 and RSAXS2 deduced
from Rg1 and Rg2 values, respectively (RSAXS = (5/3)1/2 Rg for a spherical NP), Figure 9b the variation
of I1(0) versus Rg16 and Figure 9c I2(0) versus Rg26. The increase in I1(0) in the first minutes while
Rg16 remains almost constant highlights the nucleation of new nanoparticles. Then, as the reaction
progresses, the evolution of I1(0) suggests the growth and aggregation of existing nanoparticles
(Figure 9b). On the other hand, the size Rg2 of the nanoparticles belonging to the second population
slightly decreases with time until about 27 min (Figure 9c).

Figure 9. (a) Time evolution of the average radii RSAXS1 and RSAXS2 deduced from Rg values
(RSAXS = (5/3)1/2 Rg for a spherical NP); (b) I1(0) versus Rg16 plot; and (c) I2(0) versus Rg26 plot of
TAA50, where I(0) is the limit of I(q) when q → 0.

The large objects seen in the low q-range at the end of the synthesis are likely aggregates of small
ZnS crystals. However, it is less clear whether the second population corresponds to precursor clusters,
to ZnO QDs, that progressively dissolve, or to ZnS QDs that nucleate.

The above results can be summarized as follows:
TAA1.5: ZnO QDs were almost exclusively formed, as shown by UV-vis absorption, XAS and

XRD. ZnS did not form, likely because the available amount of sulfur was too small.
TAA5: All of the characterization techniques evidenced the coexistence of ZnO and ZnS species

and/or the formation of heterostructures. Taken together, UV-vis absorption spectroscopy and SAXS
experiments indicated that ZnO nanoparticle growth or dissolution might be hindered by the formation
of a ZnS shell. Although thin shells cannot easily be evidenced by HRTEM, some HRTEM images
displayed a ZnS crystal attached on a ZnO nanoparticle. The weak UV emission and the reduced
green emission, as compared to the photoluminescence of ZnO QDs and TAA1.5, also supported the
formation of ZnO/ZnS heterostructures (see Supplementary Materials). However, the full coverage of
the ZnO core with a dense ZnS shell would enhance the UV luminescence more strongly. This suggests
the formation of a discontinuous shell, likely made of small ZnS nanocrystallites. Regarding the
visible green emission, originating mainly from surface defects such as oxygen vacancies, it could be
quenched by even a small amount of sulfur ions on the surface [10,17,20,21,42].

TAA50: ZnS QDs were mainly formed as shown by XRD, XAS and UV-vis spectroscopy.
Small QDs formed large aggregates. In addition to Zn precursor remaining in solution at the beginning
of the reaction (~80%), Zn ions from the surface of the ZnO QDs could easily react with the abundant S
ions to form ZnS.
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The concentration of TAA, used as sulfur source, is the main parameter controlling the conversion
of ZnO to ZnS. However, the reaction medium is complex and many chemical reactions can take place.
Indeed, some water is brought into the ethanolic precursor solution by the dissolution of ZnAc2·2H2O
and LiOH·H2O. When the precursor is prepared, acetate moieties are released, which are able to form
acetic acid or to react with ethanol to yield ester and additional water [38,43]. In the presence of water,
TAA can decompose to release acetamide and S ions, leading to the formation of ZnS. The progressive
hydrolysis of TAA with time could sustain the growth of ZnS in the TAA5 and TAA50 systems.
Of note, for the TAA50 system, the [Zn]/[S] ratio is 1. Therefore, a full conversion of ZnO into ZnS
could be expected according to their respective solubility constants. However, XAS unambiguously
demonstrated the presence of O atoms near Zn atoms. As a tentative explanation, we might suggest
that completion of the reaction would have needed more time. Indeed, when ZnS formation is initiated
on the ZnO surface, further conversion reaction requires diffusion of ionic species (inward S diffusion
and outward O diffusion).

4. Conclusions

Depending on synthesis conditions, ZnS formation could take place via direct crystal growth
involving Zn ions remaining in solution and S ions provided by TAA and/or interfacial sulfidation of
ZnO. The influence of TAA concentration was evidenced. ZnO and ZnS phases were mainly obtained
at low and high TAA concentrations, respectively. At intermediate TAA concentrations, we observed
the formation of ZnO/ZnS heterostructures. The reaction steps were monitored in situ by SAXS,
and UV-vis spectroscopy; the final products were further characterized by XRD, HR-TEM and XAS.
This detailed study contributes to the understanding of the mechanisms underlying the formation of
ZnO/ZnS heterostructures via a sol-gel route.

Supplementary Materials: The following are available online at www.mdpi.com/2079-4991/8/2/55/s1,
Figure S1: UV-vis spectra of: (a) ZnO QDs, ZnS QDs and the mixture of ZnO and ZnS QDs as-synthesized
colloidal suspensions; and (b) ethanolic solution of TAA, Figure S2: Example of SAXS curve of TAA50 at the end
of the reaction (about 36 min) fitted with the form factors of two populations of homogeneous spheres displaying
Lognormal radius distribution using SASfit software, Figure S3: Photoluminescence emission spectra of ZnO QDs,
TAA1.5 and TAA5 excited at 353 nm, and TAA50 and ZnS QDs excited at 302 nm.
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Abstract: In order to reduce the primary particle size of zinc oxide (ZnO) and eliminate the
agglomeration phenomenon to form a monodisperse state, Zn2+ was loaded on the surface
of amorphous silica (SiO2) by the hydrogen bond association between hydroxyl groups in the
hydrothermal process. After calcining the precursors, dehydration condensation among hydroxyl
groups occurred and ZnO nanoparticles supported on amorphous SiO2 (ZnO–SiO2) were prepared.
Furthermore, the SEM and TEM observations showed that ZnO nanoparticles with a particle size of
3–8 nm were uniformly and dispersedly loaded on the surface of amorphous SiO2. Compared with
pure ZnO, ZnO–SiO2 showed a much better antibacterial performance in the minimum inhibitory
concentration (MIC) test and the antibacterial properties of the paint adding ZnO–SiO2 composite.

Keywords: amorphous SiO2; load; monodisperse; ZnO nanoparticle; antibacterial

1. Introduction

Antimicrobial tests and environmental toxicity tests have been widely explored in order to
improve health, safety, and the environment [1–3]. Zinc oxide (ZnO), as a semiconductor material with
a band gap of 3.3 eV at room temperature [4], has high chemical stability, strong photosensitivity and
non-toxicity property and is widely used in antibacterial materials [5]. Compared with ordinary ZnO
powder, ZnO nanoparticles have a large specific surface area and small size effect, and show wide
application potential in microbial inhibition and mildew removal [6,7].

However, like most of the nanoparticles, ZnO nanoparticles are prone to forming serious
agglomeration, including hard agglomeration among the particles formed via the chemical reaction
of the surface groups and soft agglomeration formed by other physical effects [8]. It is difficult
to depolymerize the particles involved in hard agglomeration. Therefore, the apparent grain size
of the primary ZnO particles tends to increase to the micron scale and the normal performance of
ZnO nanoparticles is inhibited. In the preparation process of ZnO nanoparticles, in addition to the
control of the ZnO morphology and primary particle size, the agglomeration phenomenon of ZnO
particles should be suppressed to obtain dispersed nanoparticles. Wang et al. synthesized the doped
ZnO nanoparticles with the mixture of alcohol and water as the solvent according to a precipitation
method [9]. Chen et al. prepared ZnO nanocrystals via the reaction of zinc stearate with excessive
alcohol in the hydrocarbon solvent [10]. Weller et al. used the low-temperature solvent thermal method
to synthesize dispersible spherical ZnO nanoparticles and nano-rods with zinc acetate as precursors in
methanol [11]. However, these methods have low synthesis performance and limited control ability.
Especially, the solvent thermal process [12,13] is required to deal with organic solvents and it is difficult
to realize industrial production. Therefore, some nanoparticles (such as titanium dioxide, TiO2) [14,15]
are supported on the surface or pores of the inorganic carrier. In this way, the strong interaction
between the carrier surface and nanoparticles, and the forced isolation among the carrier particles
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efficiently prevent the agglomeration among the nanoparticles and improve the dispersion effects
and functions.

Amorphous SiO2, commercially known as white carbon black, is an aggregate of SiO2 particles
(SiO2·nH2O) and commonly used as a rubber reinforcing additive [16,17]. The primary particle size of
SiO2 particles is generally 10–100 nm. SiO2 particles containing rich Si–OH groups, which can form a
strong interaction between the SiO2 carrier surface and Zn–OH (precursors of ZnO). This interaction
reduces the combination between Zn–OH and prevents its aggregation, thus contributing to the
formation of monodisperse ZnO nanoparticles. In addition, small amorphous SiO2 particles have high
dispensability and can prevent further agglomeration of ZnO–SiO2 composite. Therefore, amorphous
SiO2 was selected as the carrier of supported ZnO nanoparticles.

Based on the above results, in this paper, the environmentally friendly hydrothermal method was
adopted to prepare ZnO–SiO2 by loading Zn2+ on the surface of amorphous SiO2 and calcining active
products at high temperatures. Moreover, the structures and antibacterial properties of as-prepared
ZnO–SiO2 were explored.

2. Experimental Procedure

2.1. Materials

In this study, amorphous SiO2 was purchased from Henan Jiaozuo Fluoride New Energy
Technology Co., Ltd (Jiaozuo, Henan, China). The properties of amorphous SiO2 are described as
follows: SiO2 content of 96.63%, whiteness of 96.76%, average aggregate size of 20 μm, primary particle
size of 20–30 nm, and specific surface area of 59.54 m2/g. Zinc nitrate (Zn(NO3)2·6H2O) as the source
of Zn2+ was from Beijing Yili Fine Chemical Co., Ltd (Beijing, China). Sodium polyacrylate (PAAS) as
a dispersant was supplied by Changzhou Run Yang Chemical Co., Ltd (Changzhou, Jiangsu, China).
Pure ZnO, as an antibacterial agent, was compared with the ZnO–SiO2 composite in antibacterial
performance. It was produced by the Xi Long Chemical Co., Ltd (Guangzhou, Guangdong, China)
and the size of the particles was about 200 nm. Figure 1 shows SEM images of amorphous SiO2 and
pure ZnO.

 

Figure 1. Micrographs of (a,c) amorphous SiO2 and (b) pure ZnO.

2.2. ZnO–SiO2 Precursor

Amorphous SiO2, sodium polyacrylate (1% of the weight of SiO2) and H2O were mixed and
stirred to prepare the suspension with solid content of 18%. Ceramic polishing balls (diameter: 1–3 mm)
were added into the suspension according to the proportion of 50% of the solid content and then
stirred at a speed of 1000 r/min for 1 h to prepare the depolymerized amorphous SiO2 slurry. A zinc
nitrate solution (0.09 wt %) was added into the slurry and the pH of the mixture was respectively
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adjusted to 5.0 and 7.0 by adding 6 mol/L NaOH and 6 mol/L HNO3. The mixture was stirred at 60 ◦C
for 1 h. The precursors were obtained after suction filtration, washing, and drying and denoted as
Zn–SiO2-pH5.0 (the precursor was prepared with pH value at 5.0) and Zn–SiO2-pH7.0 (the precursor
was prepared with pH value at 7.0) respectively. The preparation process is shown in Figure 2.

2.3. Preparation of ZnO–SiO2

The precursors Zn–SiO2-pH5.0 and Zn-SiO2-pH7.0 were calcined at 400 ◦C for 1 h to obtain the
composite particles of ZnO and SiO2 and denoted as ZnO–SiO2-pH5.0 (the composite obtained by
calcining the precursor which was prepared with pH value at 5.0) and ZnO–SiO2-pH7.0 (the composite
obtained by calcining the precursor which was prepared with pH value at 7.0). The loads of ZnO were
4.51 and 11.26%, respectively.

Figure 2. Preparation of composite particles of ZnO–SiO2 precursor.

2.4. Characterization

The X-ray diffraction (XRD) was measured by using a D/max-Ra X-ray diffractometer (Ouyatu,
Japan, Cu Kα radiation = 1.54 Å) in an angular range of 10–80◦ (2θ) with a step of 0.02◦ (2θ). Scherer
Equation [18] is used to calculate the average grain size of ZnO nanoparticles:

β =
Kλ

Dcosθ′′ (1)

where K is the shape factor constant (0.94); λ is X-ray wavelength; D is the grain size; θ is the diffraction
angle; β is the diffraction peak half width.

An X-ray fluorescence spectrometer (XRF Shimadzu-1800, Kyoto, Japan) was used to analyze the
oxide content of samples. The particle size and size distribution of the composite particles of ZnO
and SiO2 were characterized by transmission electron microscopy (TEM FEI Tecnai G220, Portland,
OR, USA). Scanning electron microscopy (SEM) was used to explore the morphology of ZnO–SiO2 by
a Hitachi field emission scanning electron microscope (Hitachi S4800, Tokyo, Japan) under the voltage
of 10 kV. The Fourier transform infrared spectroscopy (FTIR, Madison, WI, USA) measurement was
carried out to explore the changes in functional groups of ZnO-SiO2 by Nicolet IS50. The samples
were finely pulverized and then diluted in dried KBr to form a homogeneous mixture according to the
sample-KBr ratio of 1/200. The X-ray photoelectron spectroscopy (XPS, Manchester, UK) measurement
was conducted on an Axis Ultra spectrometer with monochromatic Mg Kα (1253.6 eV) radiation to
investigate the valence state of Zn.

2.5. Antimicrobial Test

The antimicrobial ability of ZnO–SiO2 under dark conditions was investigated through
antibacterial tests [19–21]. Different concentrations of ZnO–SiO2-pH5.0, ZnO–SiO2-pH7.0, and pure
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ZnO were added to the agar medium, and then E. coli (CGMCC 1.2385) was inoculated on the medium
to observe the growth of bacteria and determine the minimum inhibitory concentration (MIC) [22].

The antimicrobial coating was obtained by mixing 12 wt % styrene-acrylic emulsion, 34 wt %
of H2O, 50 wt % of the filler (0–8 wt % of ZnO–SiO2-pH7.0), and 4 wt % of paint additive.
The antibacterial property of ZnO–SiO2 was evaluated by testing the antibacterial property of the
coating. The antibacterial rate of the coating was tested according to Chinese national standard
GB/T21866-2008 [23]. The antibacterial rate (R) is calculated as:

R = 100% × (A − B)/A, (2)

where A and B are the average number of colonies of the blank control plate and antibacterial coating
plate after 24 h.

3. Results and Discussion

3.1. Structure and Characterization of ZnO–SiO2

3.1.1. Phase and Chemical Constitution of ZnO–SiO2

Figure 3 shows the XRD patterns of ZnO–SiO2. Table 1 shows the XRF results of each sample.
The XRD pattern of the SiO2 carrier shows a strong bread peak near 2θ of 23◦, indicating that the
main phase is an amorphous phase corresponding to amorphous SiO2. In the XRD patterns of
ZnO–SiO2-pH5.0 and ZnO–SiO2-pH7.0, in addition to the above-mentioned peak reflecting the
amorphous phase, the peaks at 31.8◦, 34.5◦, 36.3◦, and 47.5◦ correspond to the ZnO diffraction
peak [24,25], indicating that Zn2+ has been transformed into ZnO after the thermal reaction with
the SiO2 carrier and calcination. The ZnO diffraction intensity of ZnO–SiO2-pH7.0 was significantly
larger than that of ZnO–SiO2-pH5.0 due to the different loadings of ZnO. The contents of ZnO in
ZnO–SiO2-pH5.0 and ZnO–SiO2-pH7.0 are respectively 4.51 and 11.26% (Table 1). The SiO2 content in
ZnO–SiO2-pH5.0 is lower than that in ZnO–SiO2-pH7.0. The results are consistent with the XRD results.

 
Figure 3. XRD of (a) amorphous SiO2; (b) ZnO–SiO2-pH5.0; and (c) ZnO–SiO2-pH7.0.
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Table 1. XRF of amorphous SiO2, ZnO–SiO2-pH5.0 and ZnO–SiO2-pH7.0.

Samples SiO2/% ZnO/% Na2O/%

amorphous SiO2 96.63 0 0.98
ZnO–SiO2-pH5.0 92.78 4.51 1.05
ZnO–SiO2-pH7.0 84.22 11.26 2.68

According to the XRD data in Figure 3, the grain size of ZnO–SiO2-pH7.0 was calculated to be
3.63 nm according to the Scherer Equation.

3.1.2. Microstructure of ZnO–SiO2

Figure 4 shows the distribution of three elements (O, Si, and Zn) in ZnO–SiO2-pH5.0 and
ZnO–SiO2-pH7.0. The distributions of these three elements are consistent with the distribution
of ZnO–SiO2 particles. The distribution densities of O and Si are larger than that of Zn. The Zn density
in the elemental distribution of ZnO–SiO2-pH7.0 is greater than that of ZnO–SiO2-pH5.0. The results
indicate that the main components of ZnO–SiO2 are SiO2. The content of ZnO is low, but evenly
distributed on the surface of SiO2 particles.

Figure 5 shows the TEM images of the amorphous SiO2 carrier, ZnO–SiO2-pH5.0, and
ZnO–SiO2-pH7.0. At a small scale, all the samples are regular particle aggregates. The particle
size is about 20–30 nm. Although these particles overlap each other, the overall dispersion effect is
good. These unit particles are obviously amorphous SiO2 particles. At the scale of 10 nm, the surface
morphology of SiO2 particles in the SiO2 carrier is uniform, indicating that no other material is loaded.
At the scale of 2 nm, only homogeneous non-crystal phase particles are observed. Dark spots with
a size of 3–8 nm are uniformly distributed in ZnO–SiO2-PH5.0 and ZnO–SiO2-pH7.0 at the scale of
10 nm. These dark spots are crystal phase particles at the larger magnification. The stripe spacing can
reflect the lattice size. The stripe spacing of ZnO–SiO2-pH5.0 and ZnO–SiO2-pH7.0 are respectively
measured to be 2.45 and 2.59 nm. ZnO (101) plane spacing and ZnO (002) plane spacing are respectively
measured to be 2.45 and 2.59 Å, which are almost consistent with standard ZnO (101) plane spacing of
2.47 Å and ZnO (002) plane spacing of 2.60 Å (ICDD card # 89-7102). These data indicate that these
ZnO nanoparticles were monodispersedly loaded on the SiO2 surface. The size of ZnO particles is
3–8 nm, which is consistent with the average particle size of 3.63 nm obtained in the XRD test [18].

 

Figure 4. SEM images of ZnO–SiO2 and corresponding mapping results.
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Figure 5. TEM maps of (a) amorphous SiO2; (b) ZnO–SiO2-pH5.0; (c) ZnO–SiO2-pH7.0 at different scales.

3.1.3. Formation Mechanism of ZnO–SiO2

Figure 6 shows the XPS pattern between 1015 and 1050 eV of the ZnO–SiO2. The peaks of
ZnO–SiO2-pH5.0 and ZnO–SiO2-pH7.0 at 1046.0 and 1045.5 eV correspond to Zn2p1/2 orbital; the peaks
at 1023.0 and 1022.5 eV correspond to the Zn2p3/2 orbital [26]. These peaks are equivalent to the
2p1/2 and 2p3/2 energy peaks (1044.2 and 1021.2 eV) of ZnO [27]. Moreover, the energy difference
between Zn2p1/2 and Zn2p3/2 orbitals is 23 eV, which is the same as that of ZnO. Therefore, it can be
determined that the valence of Zn in ZnO–SiO2-pH5.0 and ZnO–SiO2-pH7.0 is +2, which is consistent
with the results of XRD, XRF, and TEM.

Table 2 shows the percentages of the amorphous SiO2 carrier, composite precursors (pH 5.0 and 7.0)
and ZnO–SiO2 based on XPS. Compared with the amorphous SiO2 carrier, the Zn2+ composite
precursors show the increasing ratio of O/Si with the increase in the Zn content. The change may be
interpreted as follows. Hydroxyl groups generated by the hydrolysis of Zn form hydrogen bonds on the
SiO2 surface, thus resulting in an increase in the amount of O. Compared with the precursors, ZnO–SiO2

products show a decreased O/Si ratio because the amount of oxygen is decreased by the dehydration
condensation reaction among the –OH bonds on the surface of precursors during calcination. The above
analysis suggests that ZnO nanoparticles was loaded on the surface of amorphous SiO2.

Figure 7 shows the infrared spectra of the amorphous SiO2 carrier, Zn2+ composite precursor
(Zn–SiO2-pH5.0 and Zn–SiO2-pH7.0), and the final products (ZnO–SiO2-pH5.0 and ZnO–SiO2-pH7.0).
The absorption peaks of each sample at 450 and 1062 cm−1 are respectively ascribed to symmetrical
and antisymmetric stretching vibration of Si–O–Si. The absorption peak at 799 cm−1 corresponds
to bending vibration, reflecting the characteristics of SiO2 [28]. As shown in Figure 7, the infrared
spectra of Zn2+ composite precursors (Zn–SiO2-pH5.0 and Zn–SiO2-pH7.0) at 3317 and 3319 cm−1

correspond to Zn–OH stretching vibration. The absorption peaks of hydroxyl groups in zinc hydroxide
(Zn(OH)2) at 1345 and 1347 cm−1 reflect the bridging effect of the hydroxyl group in the product, and
the Si–OH bending vibration peak in the two products moves from 958 cm−1 (the vibration peak of the
raw material SiO2) to 952 and 954 cm−1, respectively. The changes indicate that in the hydrothermal
reaction during the preparation process of Zn–SiO2-pH5.0, Zn2+ forms a complex of Zn(OH)2, which
yields hydrogen bonds with Si–OH on the surface of amorphous SiO2 [29–31]. In addition, the –OH
bending vibration peaks of water adsorbed on the surface of Zn–SiO2-pH5.0 and Zn–SiO2-pH7.0 occur
at 1413 and 1411 cm−1, respectively. The –OH shear vibration peaks occur at 1580 and 1579 cm−1 [32].
The Zn–OH and Si–OH of calcined products and the –OH bond of adsorbed water disappeared
after the calcination of the precursors. Therefore, the high-temperature calcination resulted in the
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evaporation of SiO2 surface water and the dehydration condensation reaction between Si–OH and
Zn–OH, and yielded Si–O–Zn chemical bond.

 
Figure 6. XPS of (a) ZnO–SiO2-pH5.0; (b) ZnO–SiO2-pH7.0.

Table 2. Element analysis based on XPS results

Samples C1s (%) Zn2p (%) Si2p (%) O1s (%) O/Si

Amorphous SiO2 2.74 0 31.27 65.84 2.11
Zn–SiO2-pH5.0 6.18 2.24 27.55 62.04 2.25

ZnO–SiO2-pH5.0 3.48 2.47 30.03 63.68 2.12
Zn–SiO2-pH7.0 6.90 6.24 24.38 60.84 2.50

ZnO–SiO2-pH7.0 5.96 10.55 25.18 58.39 2.31

Figure 7. FTIR spectra of amorphous SiO2, Zn–SiO2-pH5.0, ZnO–SiO2-pH5.0, Zn–SiO2-pH7.0, and
ZnO–SiO2-pH7.0.

Figure 8 shows a schematic diagram of the synthesis process of ZnO–SiO2 by loading Zn2+ on the
amorphous SiO2 carrier via the hydrothermal reaction and composite precursor calcination. Due to
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the large number of Si–OH bonds on the surface of SiO2 and the strong activity of Si–OH bonds, the
interaction between Si–OH and Zn–OH is greater than the interaction in Zn–OH (multinuclear ions).
Therefore, Zn2+ is immobilized on the surface of SiO2 and dispersed ZnO nanoparticles are formed
after the calcination of precursors.

 

Figure 8. Synthesis of the ZnO–nSiO2 Complex

3.2. Antibacterial Properties of ZnO–SiO2

ZnO has antibacterial activity under light and dark conditions and is mostly applied under dark
conditions. In order to investigate the antibacterial properties of ZnO–SiO2 under dark conditions,
ZnO–SiO2-pH5.0, ZnO–SiO2-pH7.0, and pure ZnO were respectively prepared. Figure 9 shows the
bacterial growth profiles obtained by the plate test. Obvious colonies were formed in the blank
control without the antimicrobial material (Figure 9a). When the concentration of ZnO–SiO2-pH5.0
was 10 mg/mL, obvious colonies were observed on the culture plate; when the concentration of
ZnO–SiO2-pH5.0 was 20 mg/mL, the number of colonies decreased but colonies did not completely
disappear; when the concentration of ZnO–SiO2-pH5.0 was increased to 36 mg/mL, no colony was
formed (Figure 9b). The concentrations of ZnO–SiO2-pH7.0 and pure ZnO required for colony-free
results were respectively 19 mg/mL and 20 mg/mL (Figure 9c,d). Based on the above results, the
minimum inhibitory concentration (MIC) of each sample was determined and converted into the
minimum inhibitory concentration of ZnO based on the content of ZnO in the composite (Table 3).
The MIC values of ZnO–SiO2-pH5.0 and ZnO–SiO2-pH7.0 were respectively 1.60 and 2.14 mg/mL,
which were equivalent to 10% of the MIC of pure ZnO (20 mg/mL), indicating that the antimicrobial
ability of ZnO nanoparticles loaded on the SiO2 surface was about 10 times that of pure ZnO. Obviously,
the formation of dispersed nanoparticles (3–8 nm) loaded on amorphous SiO2 greatly improved its
antimicrobial performance.

Table 3. MIC of ZnO–SiO2-pH5.0, ZnO–SiO2-pH7.0, and pure ZnO.

MIC (mg/mL) ZnO–SiO2-pH5.0 ZnO–SiO2-pH7.0 ZnO

E. coli 36 19 20
E. coli (ZnO) 1.60 2.14 20
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Figure 9. Antimicrobial tests of (a) blank control, (b) different concentrations of ZnO–SiO2-pH5.0 in agar
medium, (c) different concentrations of ZnO–SiO2-pH7.0 in agar medium, (d) different concentrations
of pure ZnO in agar medium.

Figure 10 shows the antibacterial rate and colony growth conditions of E. coli on the plates added
with different amounts of ZnO–SiO2-pH7.0 coating. The antibacterial rate of the coating without
ZnO–SiO2-pH7.0 was 0 and a large number of colonies were formed on the plate, indicating that the
coating showed no antibacterial property. When the addition of ZnO–SiO2-pH7.0 in the coating was
only 2%, the antibacterial rate was increased above 70%, showing a good antibacterial effect; when
the dosage was gradually increased to 8%, the antibacterial rate of the coating to E. coli was 90.48%,
which met the requirements of the antibacterial effect of antibacterial coating in Chinese national
standard GBT21866-2008. The increasing antibacterial rate of the paint indicated less colonies and a
better antibacterial effect.

Figure 10. Effects of different additives on antibacterial rate (E. coli).
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The antimicrobial properties of the ZnO nanoparticles supported uniformly and dispersedly on
the surface of SiO2 were greatly improved, due to the large specific surface area and surface activity of
ZnO nanoparticles compared with the pure ZnO of large particles, and the contact and inhibition with
microbes is stronger. This should be considered as one of the means to enhance the function of ZnO.

4. Conclusions

ZnO–SiO2 composite was prepared by an environmentally friendly hydrothermal method and
high-temperature calcination. In this composite, ZnO nanoparticles with a particle size of 3–8 nm were
uniformly and dispersedly loaded on the surface of amorphous SiO2. The size of the ZnO particles
used in the industry is about 500 nm, and there is a certain degree of agglomeration among particles.
According to the analysis of relevant tests, the strong interaction between the SiO2 carrier surface and
Zn–OH (precursors of ZnO) reduced the combination between Zn–OH, prevented its aggregation and
formed monodispersed nanoparticles. Compared with pure ZnO, ZnO–SiO2 showed much better
antibacterial performance in the MIC test and the characterization test of paint properties.

In general, ZnO nanoparticles loaded uniformly and depressively on the surface of amorphous
SiO2 greatly enhanced its antibacterial function.
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Abstract: It is time for industry to pay a serious heed to the application and quality-dependent
research on the most important solution growth methods for ZnO, namely, aqueous chemical
growth (ACG) and microwave-assisted growth (MAG) methods. This study proffers a critical
analysis on how the defect density and formation behavior of ZnO nanostructures (ZNSs) are growth
method-dependent. Both antithetical and facile methods are exploited to control the ZnO defect
density and the growth mechanism. In this context, the growth of ZnO nanorods (ZNRs), nanoflowers,
and nanotubes (ZNTs) are considered. The aforementioned growth methods directly stimulate the
nanostructure crystal growth and, depending upon the defect density, ZNSs show different trends in
structural, optical, etching, and conductive properties. The defect density of MAG ZNRs is the least
because of an ample amount of thermal energy catered by high-power microwaves to the atoms to
grow on appropriate crystallographic planes, which is not the case in faulty convective ACG ZNSs.
Defect-centric etching of ZNRs into ZNTs is also probed and methodological constraints are proposed.
ZNS optical properties are different in the visible region, which are quite peculiar, but outstanding
for ZNRs. Hall effect measurements illustrate incongruent conductive trends in both samples.

Keywords: ZnO; defects; structural properties; convection; microwave; nanostructures; hydrothermal

1. Introduction

There is wide interest and research into oxide nanomaterials, including binary oxides, for
example, ZnO, CuO, MgO, TiO2, and SnO2; ternary oxides, for example, BaTiO3, PbTiO3, BiFeO3,
and KNbO3; and complex compounds, for example, Ba1−xSrxTiO3, La0.325Pr0.300Ca0.375MnO3, and
La0.5Ca0.5MnO3, due to their distinct geometries and cutting-edge physical and chemical properties [1].
ZnO has attracted significant attention because of its wide bandgap, and particular electrical, optical,
structural, physical, chemical, piezo, and thermoelectric properties [2–5]. The occurrence of ZnO in
polymorphic nanoscale shapes, such as nanorods (ZNRs), nanowires, nanoflowers (ZNFs), nanostars,
nanoparticles, nanotubes (ZNTs), tetrapods, and polypods, further enhances its ambit under the wide
canvas of myriad applications, such as field effect transistors, light-emitting diodes, ultraviolet lasers,
photodetectors, thermo- and piezo-nanogenerators, solar cells, sensors, and so forth [6–12].

Optimized growth methods have occupied a foreground in the fabrication of ZnO nanostructures
(ZNSs). The most eminent methods for ZNS synthesis are gas phase reaction, liquid phase deposition,
metal organic chemical vapor deposition (MOCVD), vapor liquid solid, thermal evaporation, pulsed
laser deposition, molecular beam epitaxy (MBE), thermal evaporation, and aqueous chemical growth
(ACG) [13–17]. ACG, also called the hydrothermal method, is one of the most effective methods for
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ZNS growth due to simple setup, low cost, and green chemistry aspects [18]. However, the dilemma
envisaged with the process are long heating times and temperature gradients in the solution autoclave,
which can affect the structural and crystalline properties of ZNSs.

Microwave-assisted growth (MAG) methods have been recently proposed to address these
issues [19]. MAG exploits the benefits of ACG, while addressing heat transfer problems and
shortening fabrication time. Heat is produced by absorbance of longer wavelength and lower energy
electromagnetic microwaves within the material rather than via convection. The advantages associated
with MAG method are homogeneous heating profiles, higher heating rates, shorter fabrication time,
precise control of the reaction mixture, selective heating with different microwave power, higher yields,
and energy savings. Some disadvantages are high equipment cost; short penetration depth, which
limits large-scale growth; arduous in situ monitoring; and very high homogeneous nucleation rates,
which results in growth stoppage. However, the overall advantages outweigh the disadvantages, and
MAG is usually recommended over the ACG method.

In this study, we present how to control the ZNSs crystal defect formation using convective
ACG and irradiation MAG methods. Depending upon the crystal growth phenomenon, an in-depth
comparison of growth, material, structural, optical, and conduction properties of ZNSs is performed.
The experimental parameters, such as chemical constituents, molar concentrations of the precursor
solutions, solution pH, ultimate growth temperature, and aspect ratio of the grown ZNSs were
synchronized to allow fair comparison between ZNS properties grown with ACG and MAG methods.
It was found that the ZnO morphology and defect density could be controlled by judiciously opting
for the ZNS growth method. Furthermore, the structural, optical, etching, and conductive properties
had a direct relation with ZNS defect density. The results are critically analyzed and all the antithetical
trends have been propounded.

2. Materials and Methods

2.1. Sample Preparation

Commercially available chemicals of analytical grade were purchased for the experiments.
Aqueous solutions employed 18 MΩ de-ionized (DI) water. P-Si (100, 1–10 Ω·cm) was used as a
test substrate for ZNS growth. The P-Si substrates were cut into 1 × 1 inch segments and exposed
to buffered oxide etchant to remove the insulating SiO2 layer at ambient conditions. After 2 min of
immersion time, the substrates were cleaned with DI water and dried with N2 gas.

2.2. Thin Film Seeds

A buffer layer for ZNS growth is essential because of the large lattice mismatch between ZnO and
Si (2.19 Å) [20]. Hence, a buffer layer of ZnO seeds was used to catalyze the ZnO growth species. Seeds
were fabricated by mixing 0.022 M zinc acetate dihydrate [Zn(CH3COO)2·2H2O] (MW 219.51 g/mol)
in 10 mL n-propanol [C3H8O] (MW 60.10 g/mol). The mixture was well stirred or sonicated for 30 min.
The solution was ready to be deposited upon the substrate when the color changed from transparent
to milky and back to transparent. The seed solution was then spin coated twice onto the substrate
surface at 3000 RPM for 30 s. The spin coated samples were annealed at 110 ◦C for 2 min for the first
coating, and at 300 ◦C for 60 min for the second coating to provide proper bondage between the seeds
and substrate surface.

2.3. ZnO Nanorods Using ACG and MAG Methods

ZNRs were grown using ACG and MAG methods. Separate growth solutions were made for
the two methods: 50 mM zinc nitride hexahydrate [Zn(NO3)2·6H2O] (MW 297.48 g/mol) was mixed
with methenamine [C6H12N4] (MW 140.186 g/mol) in DI water. Once the solutions were prepared,
the seeded samples were immersed at the top of the solution to maximize heating effects within the
solution. The solution bottles, with samples attached, were placed on a hot plate or in a 800 watt
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domestic microwave oven for the ACG and MAG methods, respectively. In ACG, a magnetic stirrer
was placed at the base of the solution container, which was used to mobilize the reactants at the base,
while the revolving disk in the microwave oven served the purpose in MAG method. The sensing probe
of a wired thermometer was immersed in the solution autoclave to monitor the in situ temperature
profile of the solutions. For synchronization, the ACG solution temperature was set above 100 ◦C to
provide a perfect comparison between growth conditions and final products of both methods. After
six hours, the ACG sample was removed from the solution, rinsed in DI water, and dried with N2 gas.
For the MAG method, we used the solution replacement method to address growth stoppage. The
solution was replaced four times after each 5-min microwave exposure. The sample was then rinsed in
DI water and dried with N2.

2.4. ZnO Nanoflowers Using ACG and MAG Methods

ZNF growth was promoted using ammonium hydroxide [NH4OH] (MW 35.05 g/mol) as a pH
buffer, with 15–20 mL dissolved in 50 mM zinc nitride hexahydrate and methenamine solution, then
stirred for 1 h to produce a homogeneous solution. The seeded substrates were immersed in the
solutions under the ACG and MAG conditions described above. To ensure fair comparison between
methods, the temperature and pH of the solutions were synchronized. The samples were removed after
6 h and 10 min for the ACG and MAG methods, respectively, rinsed in DI water, and dried with N2.

2.5. ZnO Nanotubes Using ACG and MAG Methods

Various methods have been proposed for ZNT fabrication [21–25]. However, to allow fair
comparison between ACG and MAG methods, we opted for ZNT growth using potassium chloride
[KCl] (74.55 g/mol). This is one of the most effective, simplest, and safest metamorphosis methods,
where formed ZNRs are etched into ZNTs. ACG and MAG ZNR samples were immersed in a 3–5 M
KCl etching solution at 95 ◦C for 6 h. The samples were then removed, cleaned with DI water, and
dried with N2.

2.6. Characterization Tools

To probe ZNS morphology, samples were imaged with scanning electron microscopy (SEM:
Hitachi S-4800, Suwon, Gyeonggi-do, South Korea) operating at an emission energy of 25 KeV. Purity
and crystalline quality were assessed via X-ray diffraction (XRD: Rigaku Ultima IV, Dongguk University,
Seoul, South Korea) with Cu Kα radiation (λ = 0.15418 nm). The 2θ rage was taken from 20 to 50 degrees.
Defect-centric optical properties were recorded with photoluminescence (PL: Accent RPM 2000, Suwon,
Gyeonggi-do, South Korea) spectroscopy at scan rate of 15 pts/s with a laser excitation wavelength of
230–260 nm and power of 2.09 mW at room temperature and pressure (RTP). The PL range was set
from 300 to 700 nm. The electrical characteristics and the carrier concentration were determined using
Hall effect measurement system (ECOPIA AHT55T5, Dongguk University, Seoul, South Korea) at RTP
in dark conditions. The in situ solution temperature and pH were monitored with a wired digital
pH and thermometer. A Samsung domestic 850 watt microwave oven (Dongguk University, Seoul,
South Korea) was used for MAG method. The photolithographic patterns were defined on the substrate
with the help of Karl Suss MA 6 mask aligner (Dongguk University, Seoul, South Korea), and the metal
contacts were made with E-beam metal evaporator (Dongguk University, Seoul, South Korea).

3. Results and Discussion

3.1. Growth Mechanism and Internal Chemistry

ZNS growth depends upon growth temperature to facilitate the chemical reactions,

C6H12N4 + 6H2O Heat→ 4NH3 + 6HCHO,
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NH3 + H2O Heat→ NH4
+ + OH−,

Zn(NO3)2·6H2O Heat→ Zn2+ + 2NO3
−,

and
Zn2+ + 2OH− Heat→ Zn(OH)2

Heat→ ZnO + H2O,

where the reaction rates depend strongly on the heat transfer method [18,19].
Figure 1 demonstrates ZNS growth for ACG and MAG methods, with solution temperature shown

by darker (hotter) and paler (cooler) red. The samples were studiously attached at the topmost possible
position to scrutinize the distribution of heat inside the solution. Convective heating (ACG method,
Figure 1a) produces a temperature gradient between the bottom and top of the solution. Black body
radiation is convectively conducted into the solution, facilitating the reaction, and the reaction vessel
only intercedes between energy transfer from the hotplate into the solution. The temperature gradient
results in higher and lower reaction rates near the bottom and top surfaces, respectively, which leads
to inhomogeneous ZNS growth. The stirrer at the base mobilizes the homogeneously nucleated
large ZNRs at the bottom and the small ZNRs at the top surface, which are nucleated on the seeded
substrate. A thin layer of ZnO seeds, with crystal orientation towards 0001, lowers the surface energy
at the ZnO-Si interface and improves heterogeneous nucleation of the crystal nuclei on the seeded
substrate rather than homogeneous nucleation in the solution [26]. The resulted orientation of the
formed ZNRs is also towards the 0001 direction. Furthermore, temperature rise is also relatively slow,
taking approximately 50 min for the solution to reach the required nucleation temperature. It is well
established that ZnO crystal quality is growth temperature-dependent [27]. ZnO growth requires
a particular amount of thermal energy for the derivation of chemical reactions and crystal growth.
The prevalent temperature gradients in ACG provide bases for the difference in thermal energies
provided to the reactants at different catalytic temperatures [28]. The said phenomenon affects the
crystalline quality of the formed nanostructures.

Figure 1. Heating profile for (a) aqueous chemical growth (ACG) and (b) microwave-assisted growth
(MAG) methods.

We also believe that the said difference in the ACG ZNR dimensions is because of the formation,
growth, and implosion of sono-chemical acoustic cavitations in the solution [29]. The stirrer at the
base provides sound waves and shear kinetic energy to the reaction solution. The impinging sound
waves, with a wavelength longer than the bond length of the reactants, do not have the ability to
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affect the formation energies of the reactants and cannot influence the chemical reaction directly [30].
However, the stirrer forms acoustic cavitations in the form of bubbles, which act as packets of high
energy, temperature, and pressures inside the solution [31,32]. The revolving packets act as carriers of
very high energy, which is converted into heat upon implosion and speeds up the chemical activity
in the vicinity, while the reaction rate remains the same elsewhere. The phenomenon results in the
formation and nucleation of disproportionate dimension ZNSs in the solution.

In contrast, the MAG heating profile is quite smooth and enticing, as shown in Figure 1b.
The 2.85 GHz microwaves bombard the reaction flask, and hence the solution, from all sides.
The solution is heated by ionic conduction of the dissolved chemicals and dipolar polarization of
water molecules. Microwaves are relatively evenly distributed within the solution, and the solution
experiences a steep and homogeneous temperature rise in approximately 2 min, which stimulates both
nucleation and crystal growth [33]. It is noteworthy that the ionic conduction has more profound heat
generating capacity than dipolar polarization, which has considerable implications on nanomaterial
growth in ionic liquids. Furthermore, operational parameters, such as reaction temperature, irradiation
power, and vessel pressure, must be precisely controlled to ensure a smooth microwave interaction
with the material. Hence, a specially designed reaction container that facilitates autogenous pressure
creation within the reaction chamber expedites the chemical reactions.

3.2. Defect Density and Conductive Properties of ZNRs Grown with ACG and MAG Methods

ZnO is naturally an n-type semiconductor, but the longstanding controversy to discern
the unintentional n-type ZNS characteristics is yet a moot point in research and development.
Non-stoichiometry during ZNS growth is cited as the main reason for this dilemma, and is the
origin of the prevalent stalemate. Intrinsic defects within the ZnO crystal structure are pivotal for
feasible theories of the origin of n-type characteristics. Oxygen vacancies (Vo) and zinc interstitials (Zni)
are considered as potential donors in some literature, with hydrogen (H) also sometimes considered
important [34–36]. Mollwo, Thomas, and Lander first proposed the theory of H donor in intrinsic
ZnO, which was later substantiated by Van de Walle [37,38]. It is believed that H replaces Vo via
four-fold coordination with neighboring atoms in ZnO crystal structure, and acts as a donor. Recently,
many groups have countered the concept of H being an intrinsic donor impurity with experimentation
and hypotheses [39]. Despite the enduring controversy, the Vo concept is central to all the proposed
theories on the origin of unintentional n-type conductivity in intrinsic ZnO.

Table 1 shows the measured electrical characteristics; carrier concentration, resistivity, and
mobility; of samples grown with ACG and MAG methods. The characterization was done with
the Hall effect measurement system. The ZNRs were grown on an insulating glass substrate and
ohmic indium contacts were fabricated on the four corners of the samples to provide optimal results.
The In dots were fabricated directly on ZNRs by defining a four-spot window via shadow mask
photolithography and deposition via e-beam metal evaporation. We did not use any top layer for the
deposition of metal contacts and the contacts were made directly upon the ZNRs. The four probes
were attached on the contacts with alternating rotations for optimization. Both samples show n-type
conductivity, but carrier concentration in ACG samples is very high compared to MAG samples
because of the plethora of donor defects. The high-power microwave irradiations provide sufficient
thermal energy to the atoms to nucleate on the proper crystal lattice points, reducing the probability of
Vo production. Although, the crystalline quality of MAG samples is superior, a steep descent in carrier
concentration is the reason for high resistivity. On the contrary, the inefficient convective heating
profile of ACG provides a platform for the production of Vo in the crystal lattice and hence enhanced
n-type conductivity. The following equations were used to govern the relation between Hall voltage,
carrier concentration, and mobility of the samples. The relation for Hall voltage (VH) is:

VH =
Bz Ix

ned
(1)
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Hence, the majority carrier concentration (n) would be:

n =
Bz Ix

VHed
(2)

where Bz is the magnetic field towards z-direction, Ix is drift current, d is film thickness, and e is
electronic charge magnitude. The relation between majority carrier concentration (n) and mobility (μn)
of the samples was governed by:

μn =
LIx

enVxWd
, (3)

where L is the length and W is the width of the sample under test, and Vx is the drift voltage. It is evident
from (3) that the mobility of the samples is inversely proportional to the majority carrier concentration,
which is the primary reason of very high mobility in MAG ZNRs as compared to ACG ZNRs, as seen in
Table 1. Hence, it is proved that ZnO carrier concentration is growth method-dependent and can also
be controlled by an optimal use of a growth method rather than doping. The conductive properties of
both samples are in accordance with XRD and PL data. Furthermore, the defect density influenced the
ZnO structural, optical, and etching behaviors, as shown in the next.

Table 1. Electrical and conductive properties of samples grown with ACG and MAG methods.

Growth Method Carrier Concentration (cm−3) Resistivity (Ω·cm) Mobility (cm2/V-s)

ACG 1.8 × 1017 31.8 1.05
MAG 1.08 × 1014 1010 56.8

3.3. Methodological Constraints for Nanorod Growth Via ACG and MAG Methods

Figure 2 shows SEM images of ZNRs grown with ACG and MAG methods. Figure 2a,b shows
top and the cross-sectional SEM images of the buffer layer of ZnO seeds, respectively. Seeds are
necessary to provide the nucleation energy required for ZNR growth, lower interfacial energy at the
ZnO substrate interface, and minimize the large lattice mismatch and ultimately the stress and the
strain between both materials. The 0.022 M zinc acetate seeds were spin coated twice upon the surface
to provide a 15-nm seed layer. Double seed coating was chosen to reduce fabrication time.

 

Figure 2. Scanning electron microscope (SEM) (top and side views, respectively): (a,b) Seed; (c,d) ZnO
nanorods (ZNRs) fabricated using the ACG method; (e,f) ZNRs fabricated using the MAG method;
(g,h) ZnO debris on the surface of vertical ZNRs.

Figure 2c,d shows top and cross-sectional images, respectively, of ZNRs grown with the ACG
method at temperatures above 100 ◦C. The resultant ZNRs are hexagonal and densely populated.
However, ZNR dimensions are eccentric and inhomogeneous, due to inept convective heating process
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and stirring. In contrast, ZNRs grown by the MAG method are also densely populated, but relatively
homogeneous and immutable, as shown in Figure 2e,f. To allow fair comparison, the MAG ZNR lengths
were synchronized with ACG ZNR lengths to approximately 2 μm. In this regard, the fabrication of
ZNRs via a facile MAG solution-replacement method is an ideal method to adopt because it is easy
to control the length of ZNRs within the solution [19]. Using 25 mM solution, ZNR length increased
250 nm per solution-replacement cycle on average, which doubled to 500 nm per solution-replacement
cycle for a molar concentration 50 mM. Hence, replacing the solution four times produced 2 μm ZNRs.
Above all, the ZNRs were grown in an amazingly short fabrication time of 20 min, in contrast to 6 h
using the ACG method.

Another hitch associated with the ACG method is deposition of debris ZNSs on the surface of
the active ZNR layer. Some ZNRs were homogeneously nucleated inside the solution, mobilized by
the stirrer, and deposited on the substrate surface. Longer ACG fabrication time exacerbates debris
deposition. As shown in Figure 2g, the debris is quite dense and the active area is covered with debris.
The cross-sectional view of Figure 2h shows the havoc played by the debris, where the debris layer
thickness is quite high compared to the 2-μm vertical ZNRs enclosed in the yellow strip. The debris
could be proved devastating and offers an utter mess to measure the material, optical, and electrical
properties of vertically aligned ZNRs, and requires multiple measurements to acquire meaningful
outcomes for useful ZNRs. Because of very short fabrication time, such debris was not deposited in
ZNRs grown with MAG method, as shown in the background of Figure 2f. A short-term solution to
address debris is to clean the sample with de-ionized (DI) water immediately after removing it from
the growth solution. This removes much of the debris from the surface, since it is poorly attached
compared to the desired vertical ZNRs.

3.4. Methodological Constraints for Nanoflower Growth via ACG and MAG Methods

ZNFs were fabricated via NH4OH treatment, one of the most effective growth methods [19].
The name of the structure reflects the geometrical similarity to a flower. Most research groups use
NaOH for ZNF growth, but we find NH4OH treatment more beneficial and efficient. The detailed
growth mechanism is portrayed in Figure 3. Before the addition of NH4OH, methanemine is
decomposed to provide OH− ions, which then react to form Zn(OH)4

2− growth units and Zn(OH)2

nuclei. However, at low pH, the nuclei are more than the growth units, which halts ZNF growth,
and only ZNRs are formed. With the addition of NH4OH as a mineralizer and pH buffer, OH−

ion population is significantly increased in the solution. The initial solution pH was approximately
6.8, and increased to as much as 12 after NH4OH addition. Zn2+ and OH− ions react to form ZnO
nuclei and growth units, as shown in Figure 3a,b. When the pH was elevated to 12, the growth units
were more than ZnO nuclei and aligned via electrostatic attractive forces between the ZNF nuclei,
as shown in Figure 3c. The growth units and nuclei start amalgamating through Ostwald ripening,
consuming smaller crystals into larger crystals. Due to very low surface energy under the influence of
homogeneous nucleation, a number of ZnO nuclei amalgamate to form ZnO crystallites, as shown in
Figure 3d. All the active sites circumambulate at the outer edges of the crystallite to provide a base for
petals, and are ready to be grown into ZNFs at high temperatures. The process flow for both ACG and
MAG methods remain the same until this point.
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Figure 3. (a–f) Process flow for ZnO nanoflowers (ZNFs) growth using the ACG and MAG methods,
(g) SEM image of ZNF using the ACG method, and (h) SEM image of ZNF using the MAG method.

Figure 3e,g shows the schematic for a single ZNF and SEM image, respectively, grown with the
ACG method. As discussed above, the homogeneous nucleation rate is higher and lower near bottom
and top surfaces of the reaction flask, respectively, which leads to inhomogeneous ZNF growth. Thus,
the SEM image shows that ZNFs are quite large, but small ZNFs also start nucleating at the petals and
at different centers of the already grown ZNFs. Relatively large ZNFs are formed at the bottom of
the flask, which are mobilized by the stirrer and adsorbed at the substrate surface at the top edge of
the solution flask. Simultaneously, small ZNFs are homogeneously nucleated and adsorbed upon the
petals of already formed ZNFs, which produces inhomogeneous ZNF growth for the ACG method.
Another point to ponder is the difference in the diameter of the top (0001) and bottom (000ı̄) surfaces of
the ZNF petals. The underlying reason for this phenomena is the difference in growth rate of various
ZNF planes: V(0001) > V(ı̄0ı̄ı̄) > V(ı̄010) > V(ı̄011) > V(000ı̄) [40]. The bottom 000ı̄ surface, with the
lowest growth rate, becomes stable, and the top 0001, with the highest growth rate, erodes at the
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growth stoppage point because of the presence of the sample inside the solution for such a long time
at high temperatures in the ACG method. Hence, pointed-tip ZNFs are formed (see Figure 3e,g).

In contrast, ZNF growth via the MAG method is relatively homogeneous and quick, as shown in
the schematic and SEM image of Figure 3f,h, respectively. All the flower petals have a similar length
and diameter, and the ZNFs are quite dense and homogeneously distributed across the substrate
surface. The homogeneous growth is because of MAG efficient heat transfer. Erosion at the top 0001
surface is not evident, because of the very short fabrication time: the samples were ready to be removed
from the solution within just 10 min for the MAG method. It is evident that the erosion would be seen
at the top 0001 surface in MAG if the sample is left under MAG growth conditions beyond 10 min.
However, that is not required because the precursor solution has already been saturated by MAG in
10 min.

3.5. Defect-Centric Etching of Nanorods into Nanotubes

ZNTs have paramount importance because of their distinct chemical properties, hollow structure,
high surface-to-volume ratio, high anisotropy, and current carrying capability. However, ZNT growth
is quite challenging. We propose ZNT growth via defect-centric etching of ZNRs grown with the ACG
and MAG methods. Defect-centric etching is the only known feasible method for ZNT formation.
Hence, it is important to compare the practical application of this method on ZNRs grown with the
ACG and MAG methods [41].

Figure 4a shows the SEM image of ZNTs formed via defect-centric etching of ZNRs grown with
the ACG method in a KCl solution. The inset shows a corresponding higher magnification portion.
Almost all the ZNRs are etched at the core towards the bottom, and a hollow tubular structure is
formed. The tube walls are quite thick and the hole is formed only at the core. The tube shape remains
hexagonal after etching, which means the etching was only performed in the unstable ZNR core. Hence,
it is inferred that the formation of ZNTs from ZNRs grown with the ACG method is feasible because
of the polycrystalline structure and the profusion of defects created within the ZNR crystal structure
during the growth process. The absence of etching for a few of the inhomogeneous, smaller-diameter
ZNRs are highlighted in the inset of Figure 4a. Thus, etching does not only depend upon defect density,
but also diameter and area available for etching. Etching appears to be proportional to defect density
and ZNR diameter. Trimming of such a small diameter ZNRs into ZNTs, which is quite arduous, has
not been propounded previously, and is successfully performed here for the first time.

Figure 4b shows the SEM for MAG method ZNRs etched into ZNTs in a KCl solution with the
corresponding high magnification image in the inset. None or only very few ZNRs are etched, but
the etching stops at the surface. Furthermore, in the case of partial etching, it is found that the core is
etched with the most stable ZNR lateral walls. The absence of defect-centric etching is because of the
pure crystalline structure of ZNRs grown with the MAG method. Because of the immaculate nature
of the MAG method, only a few defects are incorporated in the crystalline structure, which makes it
difficult for the etchant to trim the formed ZNRs into hollow ZNTs. Furthermore, the few existing
defects tend to be at the ZNR surface, which results in a skimpy etching profile.

Figure 4c further clarifies how the Cl− ions are adsorbed on the polar surface of the formed ZNRs
and etch the defect-rich ACG ZNRs from core to base. A hollow surface towards the bottom is seen
with quite thick and stable lateral walls. This also shows how MAG ZNR was either not etched or
etched only at the surface with the dissolution of most stable lateral walls. These visualizations are in
accordance with X-ray diffraction (XRD), photoluminescence (PL), and Hall effect measurements of
the samples.
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Figure 4. SEM images of ZnO nanotubes (ZNTs) (inset: magnified image), formed via defect-centric
etching of ZNRs grown with (a) ACG and (b) MAG methods; (c) Etching mechanism for ACG and
MAG ZNRs.

3.6. XRD for ZNRs Grown with ACG and MAG Methods

The structural and crystalline properties of ZNRs grown with ACG and MAG methods were
investigated using XRD, as shown in Figure 5. The multiple peaks across 100, 002, 101, and 102 in
Figure 5a and a single peak across 002 in Figure 5b correspond to the hexagonal phases in ZNRs,
confirming the wurtzite nature of both samples. The incorporation of multiple peaks in ACG ZNRs
imply the deterioration of ZnO 002 texture. However, the highest peak in both samples were across 002,
which confirms ZNR vertical alignment along the c-axis perpendicular to the substrate, in accordance
with the SEM data. The multiple peaks and a single peak also show that ACG and MAG ZNRs are
poly and single crystalline, respectively.
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Figure 5. ZNR X-ray diffraction (XRD) profiles: (a) the ACG and (b) the MAG method.

Stress and the strain in the crystal structures depend upon multiple factors, such as the lattice
mismatch, 2θ position of the 002 peak, and the lattice constant (Co) of the grown crystals. Extrinsic
stress/strain was not considered because both samples were grown on p-Si with a ZnO buffer layer,
but an in-depth structural analysis has been performed for intrinsic stress/strain levels depending
upon the growth method used. The lattice constants, a and c, of ZnO were calculated via Braggs law:

2dsinθ = nλ (4)

where d is the spacing between the lattice planes of Miller indices, n is order of diffraction which is
normally taken as 1, λ is X-ray wavelength (1.54 Å), and θ implies Bragg’s angle. The lattice constant
for (100) plane is calculated by the relation:

a =
λ

2sinθ

√
4
3
(h2 + hk + k2) +

( a
c

)2
l2 (5)

a =
λ√

3sinθ
(6)

where θ is the diffraction angle responding 100 peak. The lattice constant c for 002 plane is calculated
by the relation:

c =
λ

2sinθ

√
4
3

( c
a

)2
(h2 + hk + k2) + l2 (7)

c =
λ

sinθ
(8)

where θ corresponds to 002 peak. The 2θ value of the 002 peak and Co for stress-free bulk ZnO are
34.42 and 0.5205 nm, respectively [42]. The 2θ of samples grown with the ACG and MAG methods
were 34.31 and 34.43, respectively. The 0.1 degree left-shift in ACG samples was caused by stress [43].
The 2θ value of MAG samples are more near to the bulk ZnO, which is the direct result of intrinsic
stress/strain relaxation during MAG process. The process minimizes the surface energy of the film
and adds value to the crystallinity of the sample. Furthermore, the lattice constant CACG is 0.5238
and CMAG is 0.5201 nm. ACG samples show tensile stress (CACG > Co), whereas the MAG samples
show compressive stress (CMAG < Co), so the strain along the c-axis, [(C − Co)/Co]× 100, was 63%
(compressive) and 7% (tensile) for ACG and MAG samples, respectively. Thus, the stress and strain
levels in MAG samples are almost negligible, which validates the methodological efficacy of the
MAG method.
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The full width at half maximum (FWHM) of the 002 peak and grain size (D) are indicative of the
crystalline quality of the ZNRs. The Scherrer formula was used to calculate D [44,45],

D = (0.89λ)/(B cosθ), (9)

where λ is the X-ray wavelength (0.15418 nm), B is the FWHM in radians, and θ is the diffraction angle.
Using the FWHM shown in Figure 5a,b, D = 27 nm and 68 nm, for ACG and MAG samples, respectively.
D is indicative of crystal quality and yield stress in the structure. Larger D implies that less driving
force is required to move a dislocation pileup near the edges from one crystallite to another. MAG
process stimulates the grain boundary migration, which results in facile coalescence of crystallites and
ponder large grain growth. In short, unlike ACG, MAG provides sufficient energy to the atoms to
expeditiously occupy the legitimate crystal sites on the crystal lattice. Hence, material with smaller
grains (ACG sample) exhibits higher yield stress than material with larger grains (MAG sample). Yield
stress can also be governed by the Hall-Petch equation,

σy = σ0 +
ky√

d
, (10)

where σy is the yield stress; σo is the material constant; ky is the strength coefficient specific to each
material; and d is the average grain diameter. Grain diameter is inversely proportional to the yield
stress, which implies that ACG samples will have more yield stress than MAG samples. Hence,
it is proved that stress/strain in the films are growth process-dependent rather than of thermal
origin. Moreover, the crystalline quality of MAG samples is comparable to samples grown with
expensive and sophisticated equipment, such as MOCVD and MBE [46,47]. The bond length (L) of
ZnO nanostructures grown with ACG and MAG methods were calculated via:

L =

√
a2

3
+

(
1
2
− u

)2
c2 (11)

where u parameter, which depends upon a/c ratio in wurtzite structures, can be calculated as:

u =
a2

3c2 + 0.25 (12)

The calculated values of L, along with other structural parameters, are given in Table 2.

Table 2. Structural parameters of samples grown with ACG and MAG growth methods. Full width at
half maximum (FWHM); grain size (D); bond length (L).

Growth Method c (Å) 2θ (Degree) FWHM (Degree) D (nm) L (Å) Strain (%)

ACG 5.238 34.38 0.311 26.86 1.9751 63
MAG 5.201 34.43 0.122 68 1.9769 07

3.7. ZNR Optical Properties from ACG and MAG Methods

ZNR absorption and emission spectroscopy are important research and development parameters
due to the unique optical properties of ZnO. The optical properties were measured with PL Accent
RPM 2000 at room temperature. The nanostructure luminescent properties were strongly dependent
upon the growth method used and the nanostructure crystal growth. Figure 6a shows the PL response
of ACG ZNRs, displaying an orthodox high-intensity UV peak at 377 nm (3.27 eV) and a broad peak
in the visible range. The high-intensity UV peak, with FWHM ~16.5 nm, is caused by free exciton
recombination, and the broad visible emission is due to defects formed within the crystal during
fabrication [48]. Various contradictory theories have been proposed, including Vo, oxygen interstitials,
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zinc vacancies, and zinc interstitials Zni, for the luminescent recombination centers. However, the
presence of Vo is the most pertinent theory for the broad luminescence band in the visible region. The
most plausible charge states for Vo in the crystal are neutral (V◦

o), singly ionized (V+
o), and doubly

ionized (V2+
o) [49]. Singly ionized vacancies (V+

o) are the most susceptible to act as a green emission
and electron recombination centers [50]. A peculiar large and sharp kink at 528 nm was also observed
in the visible region.

 
Figure 6. ZNR Photoluminescence spectra: (a) the ACG and (b) the MAG method.

Similarly, Figure 6b shows PL spectra for MAG ZNRs, which is quite distinct from ACG ZNRs.
The UV peak was 373 nm (3.30 eV) with high-intensity and low FWHM (~15 nm), displaying
significantly better optical quality compared to ACG ZNRs. Another important criterion to judge
optical performance is the ultraviolet-to-visible emission ratio, and MAG ZNRs have ~3 times the
value of ACG ZNRs, due to their higher intensity UV peak and very low peak intensity in the
visible region [28]. MAG ZNRs also show a flat band in the visible region because of the absence of
defect-centric recombination centers in the crystal structure. The authenticity of the results could be
checked by matching the structural and optical performance of the same ZNRs [51]. It is found that the
optical performance of the samples, such as the defect density, crystalline quality, and optical structure
of ZNRs, is in accordance with the findings of the structural properties of the same ZNRs in Figure 5.

Another point to ponder in the PL data is the deviation of ACG ZNR UV peak from 373 nm in
MAG ZNRs to 377 nm. We believe that the observed red shift and the reduction in near band edge
emission in ACG ZNRs are because of band gap renormalization (BGR) effect. It has already been
established that the free electron density of ACG ZNRs is far superior to MAG ZNRs (Table 1). This
high electron density results in BGR via many body effect and free carrier screening inside the structure
and is the primary reason for red shift in the sample [52]. Furthermore, slightly large diameter and
high lattice stress in ACG ZNRs could be secondary reasons for this red shift [53]. Additionally, the
sharp peaks at 528–530 nm in both ACG and MAG ZNRs are quite unusual for ZnO. Previously, we
believed that the sharp peaks were because of the presence of confined defects (Vo) in ZnO lattice.
However, the sharp peaks are actually the PL laser response imbibed during the data acquisition with
PL: Accent RPM 2000.

4. Conclusions

We present method-dependent and crystallization-oriented growth, material, structural, optical,
and conductive properties of ZNSs grown using the classic ACG and emerging MAG methods. The
effects of convective (ACG) and radiative (MAG) processes were discussed in the context of ZNS
crystal growth. The two methods could be exploited to control the ZnO defect density. The ACG
ZNRs and ZNFs showed inhomogeneous growth because of convective temperature gradients, and
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sono-chemical acoustic cavitations in the solution and MAG ZNRs led to homogeneous growth trends
because of immutable irradiative heating. ACG and MAG ZNSs were poly and single crystalline,
respectively, which provided further verification of the optical and electrical properties. Conversion
of MAG ZNRs to ZNTs was quite difficult because of their defect-free structure. Furthermore, MAG
ZNRs showed superior optical profile and flat PL response in the visible region. Crystalline and growth
properties provided the explanation for high and low n-type intrinsic conductivity in ACG and MAG
samples, respectively. Further research on growth and methodological constraints of ACG and MAG
methods is required to address basic problems for ZNS growth, and illuminate fresh opportunities for
application-oriented experimental and theoretical studies on ZNS growth via ACG and MAG methods.
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Abstract: Hydrothermally grown rutile TiO2 nanowires are intrinsically full of lattice defects,
especially oxygen vacancies. These vacancies have a significant influence on the structural and
electronic properties of the nanowires. In this study, we report a post-growth heat treatment in
different environments that allows control of the distribution of these defects inside the nanowire, and
thus gives direct access to tuning of the properties of rutile TiO2 nanowires. A detailed transmission
electron microscopy study is used to analyze the structural changes inside the nanowires which are
correlated to the measured optical and electrical properties. The highly defective as-grown nanowire
arrays have a white appearance and show typical semiconducting properties with n-type conductivity,
which is related to the high density of oxygen vacancies. Heat treatment in air atmosphere leads to
a vacancy condensation and results in nanowires which possess insulating properties, whereas heat
treatment in N2 atmosphere leads to nanowire arrays that appear black and show almost metal-like
conductivity. We link this high conductivity to a TiO2−x shell which forms during the annealing
process due to the slightly reducing N2 environment.

Keywords: black TiO2; nanowire; conductivity; electron energy loss spectroscopy; oxygen
vacancy; defects

1. Introduction

Nanostructured titanium dioxide (TiO2) is a promising material in the field of energy conversion
and storage [1]. In most TiO2 applications, the efficiency of the device is determined by three
consecutive processes: light absorption, charge separation, and electron transport. Although TiO2

is widely used for energy applications, the efficiency of bare TiO2 is limited by a wide band gap of
around 3 eV [2] and a relatively low electron conductivity [3,4]. To overcome these limitations, defect
engineering can be used to optimize the optical band gap and the electrical properties. In combination
with an optimized geometry, which can be derived from theoretical calculations [5], defect engineering
enables the fabrication of highly active devices.

Defects can be introduced in TiO2 by metal [6] and nonmetal [7,8] impurities or dopants. However,
this approach has the drawback that the dopants, especially d-block transition metals, also act as
recombination centers for the generated electron hole pairs [9], which in turn lowers the efficiency of the
device. Other approaches to produce defective TiO2 without doping are mediated by the incorporation
of Ti3+ and oxygen vacancies (Ovac) via reduction [10–12], which might introduce surface disorder in
addition [13–15]. Most approaches use hydrogen environment and elevated temperatures [14,16,17] or
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a hydrogen plasma [18,19] to produce defective TiO2. Similar types of defective TiO2 can be obtained
if active metals, such as Zn [10,20], Al [21], or Mg [22], are used as a reductant. However, these harsh
reductive conditions are not mandatory to obtain defective TiO2. Instead, black TiO2 nanoparticles with
surface disorder can be obtained by annealing amorphous nanoparticles in Ar gas [13]. Concededly,
there are no reports which show that crystalline TiO2, e.g., rutile TiO2 nanowires (NWs), can be reduced
in an oxygen-deficient atmosphere, such as vacuum, Ar, or N2.

The effect of defect engineering on the optical band gap and the apparent color, which can
be tuned from yellow over blue to black, has been studied extensively [16,23,24]. Apart from that,
reports about how structural changes, such as the introduction of Ovac or surface disorder, influence
the electrical properties are rare. So far, Nowotny and co-workers studied the influence of defect
disorder on the semiconducting properties of rutile TiO2 and found a strong effect on the electrical
properties [25–27]. Especially, a high amount of Ovac, which is intrinsically found in rutile TiO2, leads
to strong n-type characteristics. In addition, the influence of Ovac on the conducting properties of TiO2

NWs was evaluated by intensity-modulated photocurrent spectroscopy. For oxygen-deficient NWs,
two electron-transport modes, a trap-free mode in the core and a trap-limited mode near the surface,
were detected [28]. Recently, Lü et al. [29] investigated the effect of the surface disorder on the electrical
properties. On a 40 nm thick bilayer structure of crystalline anatase (≈20 nm) and amorphous TiO2

(20 nm), which serves as a model system, they found a metallic conductivity at the interface between
the crystalline and the amorphous part. These results give a first hint on the electrical properties of the
defective, black TiO2. Admittedly, in this model system the amorphous layer does not represent the
surface disorder found in black TiO2 adequately. It is much thicker and does not show any ordering
phenomena [29].

In this work, we present how the electrical properties of TiO2 NW arrays, incorporating rutile TiO2

NWs with different defect states, can be changed. A detailed analysis of the nanostructure and the local
chemical environment of three differently treated NW arrays, in combination with our results from
ultraviolet-visible (UV–Vis) and current-voltage (IV) measurements, leads to a better understanding
of the underlying mechanism that are responsible for the electronic properties of defective TiO2. The
results show how TiO2 NWs, which are intrinsically n-type semiconductors in the as-grown state, can
be converted to almost insulating TiO2 NWs or NWs with a metal-like conductivity simply by using
an appropriate atmosphere for the post-growth annealing.

2. Results

2.1. (Internal) Nanostructure and Local Chemical Environment

Scanning electron microscopy (SEM) investigations (Figure 1) reveal that the NW arrays of
the three samples consist of NWs which grow almost perpendicular to the fluorine tin oxide (FTO)
substrate and are of similar size (diameter of as-grown: 164 ± 31 nm, annealed in air: 172 ± 16 nm,
annealed in N2: 157 ± 28 nm). The high magnification SEM images in the insets of Figure 1 disclose
slight morphological changes at the tip of the NWs. The as-grown NWs (Figure 1a) possess a rough
tip, which is built by a bundle of nanofibers, as shown before by Wisnet et al. [30]. This structure is
removed for the NWs annealed in air (Figure 1b), which have a much smoother surface. The tip of
the NWs annealed in N2 looks like an intermediate state between the as-grown NWs and the NWs
annealed in air, although it was annealed at the same temperature for the same time. For the NWs
annealed in N2, the nanofiber bundle is still visible at the tip (Figure 1c), but not as prevalent as in the
as-grown NWs.

The high-angle annular dark-field scanning transmission electron microscopy ((S)TEM) images in
Figure 2, all taken from the central part of appropriate NWs, show more significant changes inside the
NWs due to the annealing. While the as-grown NW is built by a bundle of nanofibers, as indicated
from the SEM image, the annealed NWs are a single-crystalline material, which is interspersed with
voids [31,32]. Nevertheless, SEM showed that even for the annealed NWs there are still residuals of the
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former nanofiber bundle at the tip (Figure 1b,c). The NW annealed in air does not show any further
changes besides the voids, whereas the NW annealed in N2 has internal voids and in addition a distinct
core-shell like structure with an approximately 10 nm thick shell. A similar shell can be detected for
as-grown NWs and NWs annealed in air but it is only 1–3 nm thick. Although the nanostructures
of the three NWs differ, no changes in crystallography can be detected. The diffraction patterns in
the insets of Figure 2 correspond to rutile TiO2 acquired in the

[
110

]
zone axis and deviate only by

the streaking in the diffraction peaks in [110] direction, which is visible for the as-grown NW. This
streaking arises from the nanofiber bundle and the high defect density in the as-grown NW [30]. Thus,
neither the heat treatment in air nor in N2 leads to a phase transformation.

Figure 1. Scanning electron microscopy (SEM) images of nanowire (NW) arrays, which are (a) as-grown
(ag), (b) annealed in air, and (c) annealed in N2. The insets show a high magnification SEM image of
a single NW from the respective NW array. The scale bar of the inset is 50 nm.

Figure 2. High-angle annular dark-field scanning transmission electron microscopy (STEM) image and
a corresponding electron diffraction pattern (inset) for (a) an as-grown NW, (b) a NW annealed in air,
and (c) a NW annealed in N2. All images show a representative area in the center of its respective NW
and the diffraction patterns are taken from entire NWs.

Despite the changes in the nanostructure, there are also differences in the local chemical
environment of the three different NWs close to the surface. Figure 3a–c shows electron energy-loss
(EEL) spectra of the Ti-L2,3 edge with different distances to the surface. Close to the surface (yellow
lines), the Ti-L2,3 edge is shifted to lower energies by around 1 eV and the energy loss near edge fine
structure (ELNES) shows that the splitting of the L2 and L3 peaks into a doublet is not resolved. This
t2g-eg splitting is typical for rutile TiO2 and results from a distorted octahedral surrounding of Ti by
oxygen ions [33], but cannot be detected for Ti close to the surface. Instead, the Ti-L2,3-edge is formed
by broad peaks. Depending on the heat treatment, the typical ELNES of rutile TiO2 occurs closer or
more far away from the surface. For the NWs annealed in air, the ELNES shows the typical shape of
rutile TiO2 with a pronounced t2g-eg splitting after moving 1.8 nm towards the center (orange line in
Figure 3b). For the as-grown NW, the broad L2 and L3 peaks in the ELNES are observed in the first
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2.9 nm of the surface region (red line in Figure 3b). The NW annealed in N2 has the largest region
(up to 4.8 nm, dark red line in Figure 3c), where one can find an ELNES without pronounced t2g-eg

splitting. Moving farer away from the surface, the ELNES of the as-grown NW and the NW annealed
in air does not change anymore, but for the NW annealed in N2 one can see that 10.4 nm away from
the surface (light cyan line in Figure 3c), the ELNES changes again. Following the method described by
Stroyanov et al. [34], the Ti-L2,3 edge is used to calculate the amount of Ti4+ relative to the total amount
of Ti, which is mainly a sum of Ti4+ and Ti3+. Figure 3d–f are overlays of the resulting Ti4+ gradients
with a STEM image of the analyzed NW area. The shift of the Ti-L2,3 edge towards lower energies
close to the surface is related to a lower amount of Ti4+ in this area. Thus, close to the surface, the NWs
are not fully oxidized. Inside the NW, the as-grown NW and the NW annealed in air have a constant
amount of Ti4+ of around 80%. For the NW annealed in N2, the changes of the ELNES around 10.4 nm
are also linked to a lower amount of Ti4+ and the overlay in Figure 3f shows that this decrease of Ti4+ is
closely related to the core-shell interface. The lack of Ti4+ results in an off-stoichiometric TiO2−x. In the
following, the shell material will be denoted as TiO2−x to account for the high oxygen deficiency.

Figure 3. (a–c) Position resolved electron energy loss (EEL) spectra of the Ti-L2,3 edge, for (a) an
as-grown NW, (b) a NW annealed in air, and (c) a NW annealed in N2. The positions of the spectra are
marked in the STEM images of (d–f) with a specific color, which is the same for the respective Ti-L2,3

edge (the color changes from the NW surface to the center (left to right) in the following order: yellow,
orange, red, pink, purple, blue, cyan, green, black). In (d–f), the Ti4+ gradient is overlaid with the
STEM image.

To study the core-shell structure in more detail, Figure 4a shows a high resolution (HR) TEM
image of a NW annealed in N2. This NW has a comparable thick shell to facilitate the analysis. One
can see that the NW consists not only of a core and a shell, but of four distinctive areas. The rutile
TiO2 core and the crystalline TiO2−x shell are separated by a defective interface area and the shell
is covered with a disordered surface layer. Around 80% of the NW volume can be assigned to the
core, which is rutile. The shell is also crystalline and covers around 20% of the NW volume. The high
resolution annular bright-field STEM image in Figure 4b shows no differences in the crystal structure
of the rutile core and the shell, except a small change in the d-spacing between {110} planes (core:
d110 = 3.33 Å, shell: d110 = 3.29 Å). Although the electron energy-loss spectroscopy (EELS) analysis
shows that the shell consists of off-stoichiometric TiO2−x, no inhomogeneity in the oxygen distribution
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can be detected in the annular bright field STEM image (Figure 4b). Thus, an ordering of a significant
amount of Ovac in this part of the NW is unlikely, as it would lead to periodic changes in the atomic
columns, which should be visible in annular bright-field STEM. However, in all imaging conditions,
this shell appears in a different contrast compared to the core. In the shell area, a sample thickness
of 110 nm is derived using the low-loss EEL spectrum and assuming an inelastic mean free path of
276 nm for rutile TiO2 [35]. Considering an error of around 10% for the thickness determination by
EELS [36], this thickness estimation is in good agreement with the total thickness of the analyzed NW,
which is also shown in Figure 2c (around 100 nm). Thus, the changes in contrast cannot be related to a
thickness effect but might be related to a change in the density of the material. The contrast changes
might also be affected by the incorporation of nitrogen, but EELS measurements in the shell area
show no incorporation of nitrogen within our detection limits of ≈1 at%. It is noteworthy that this
observation cannot be confirmed by methods other than EELS with high lateral resolution because
the nitrogen and the titanium signal overlap in other spectroscopic techniques, such as Auger and
wavelength dispersive X-ray spectroscopy. The defective area, which can be seen in the HR TEM image
of Figure 4a between the TiO2 core and the TiO2−x shell is around 1.9 ± 0.3 nm thick. The disordered
surface layer of the NW has a thickness of 2.2 ± 0.3 nm and is not completely amorphous, but shows
some periodicity perpendicular to the [001] direction. Figure 4c is an intensity profile of Figure 4a
in the first 4 nm next to the vacuum and perpendicular to the NW surface. This profile shows two
periodic areas, but with different periodicity. The periodicity of the TiO2−x shell corresponds to the
lattice spacing of {110} planes in rutile TiO2. Closer to the vacuum, there is a second material, which is
also periodic to a certain extent, but the related lattice distances are much bigger (≈5 Å). This in-plane
ordering in an amorphous phase is due to the underlying substrate periodicity and has been observed
for other systems as well [37].

Figure 4. (a) High resolution (HR) transmission electron microscopy (TEM) image of a NW annealed in
N2 showing the surface near region. (b) Annular bright field STEM image of the interface between the
rutile TiO2 core and the TiO2−x shell. (c) Intensity line scan of (a) showing an out-of-plane periodicity
in the disordered surface layer parallel to the [001] growth direction.
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2.2. Optical and Electrical Properties

The changes in the internal nanostructure, which are induced by annealing in different
environments, influence the optical properties of the NWs. While the NW arrays incorporating
as-grown NWs or NWs annealed in air appear white, the NW arrays annealed in N2 are black. This
color change indicates more light absorption in the visible range for the NWs annealed in N2. Figure 5a
shows Tauc plots for direct allowed band gap transitions of the three different NW arrays. The as-grown
NWs have a band gap of 2.98 ± 0.06 eV, which is in good agreement with previous measurements [32].
The band gap of NWs annealed in air is significantly reduced to 2.59 ± 0.04 eV, but for the NWs
annealed in N2, the obtained direct band gap is again 2.96 ± 0.03 eV. In addition, there is an indirect
transition for the NWs annealed in N2 with an indirect band gap of around 2.57 ± 0.02 eV (inset in
Figure 5a). In contrast, no strong indirect transition can be detected for the as-grown NWs and the
NWs annealed in air. Absorption spectra allow not only the determination of the band gap but are also
suitable to measure the so-called Urbach energy, which is a measure of the disorder in materials and
leads to additional states within the band gap [38]. The Urbach energy of the as-grown NWs and the
NWs annealed in air and in N2 is 0.61 ± 0.01 eV, 0.55 ± 0.01 eV, and 1.65 ± 0.01 eV, respectively. Since
UV–Vis can only probe the band gap on a large scale and as the results might be influenced by the
periodicity of the NW array, and the resulting interference effects, additional band gap measurements
were performed using EELS. Figure 5b shows the corresponding zero-loss subtracted low-loss EEL
spectra of the different NWs. The band gap values derived from the EELS measurements (as-grown:
2.93 ± 0.12 eV, annealed in air 2.41 ± 0.06 eV, annealed in N2 2.66 ± 0.14 eV) are in good agreement
with the values obtained by UV-Vis, considering the indirect transition for the NW annealed in N2.

Figure 5. (a) Tauc plot for direct band gap and (b) zero-loss subtracted low-loss EEL spectra for NWs
which are as-grown (petrol squares), annealed in air (red circles), and annealed in N2 (green lozenges).
The inset in (a) shows the Tauc plot for an indirect band gap for the NW array annealed in N2.

Besides the optical properties of the NWs, the electronic properties are affected by the heat
treatments. Figure 6a shows the IV-characteristics of the as-grown NWs, the NWs annealed in air,
and the NWs annealed in N2. Significant differences in the electronic properties of the three devices
regarding the conduction limiting mechanisms can be observed.

The as-grown NWs block the transient current for electrical fields between 0 and 12 kV/cm
(petrol line, Figure 6a). At higher electrical fields, the transient current is increasing exponentially and
is hence affected by Schottky emission (petrol line, Figure 6b). For an increasing negative bias, the
IV-characteristic turns quickly from an exponential increase into an increase that is proportional to the
squared electric field arising from a space-charge-limited current (Figure 6d) [39]. Thus, the Schottky
barrier at the PtIr/TiO2 interface is smaller than the one at the FTO/TiO2 interface.
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TiO2 NWs annealed in air block the transient current for electrical fields between −25 kV/cm
and at least 100 kV/cm (red line, Figure 6a,b), which corresponds to the highest applicable bias in the
employed setup. The IV-characteristics of the PtIr/TiO2 interface become completely exponential and
hence the transient current is limited by a Schottky emission across the whole measured bias range
(red line, Figure 6b) [39].

In contrast, the transient current of the NWs annealed in N2 is not blocked at any bias, which
indicates an almost complete vanishing of both Schottky barriers (green line, Figure 6b). Only at very
low, negative fields up to roughly −2 kV/cm, we found a Fowler–Nordheim tunneling behavior for
the electrons passing from the PtIr tip to the TiO2 NW (Figure 6c). For larger field amplitudes, the
transient current becomes linear, showing a relatively large ohmic resistance (green line, Figure 6a).
However, the slope and thus the absolute ohmic resistance depends on the applied voltage.

 

 

Figure 6. Transient current characteristics through as-grown NWs, NWs annealed in air, or in N2 that
is measured between a PtIr top and an FTO bottom electrode. The different plots emphasize several
conduction-limiting mechanisms: (a) Linear plot showing ohmic behavior and the inset is a zoom in on
the point of origin, (b) Schottky plot, (c) Fowler–Nordheim plot and (d) space–charge-limited current
plot [39].

3. Discussion

Our results show that different heat treatments change the nanostructure and the properties of
hydrothermally grown rutile TiO2 NWs significantly. In the following, the interaction of the structural
changes on the properties will be discussed.

As-grown NWs are intensively studied and used in many application and thus serve as a reference
in this work. The detailed electron microscopic analysis showed that these NWs are rutile TiO2,
but contrary to many reports [40], they are not single-crystalline [30,32]. Instead, they show a
meso-crystalline structure that is built by a bundle of nanofibers and incorporate many crystal
defects [30], especially a high amount of Ovac [32]. The optical band gap of around 3 eV is in accordance
with literature values for rutile TiO2 [2], but the Urbach energy of 0.61 eV is much larger than reported
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for single-crystalline rutile TiO2 nanoparticles [41], and can be assigned to the high defect disorder
of the Ovac and other structural defects. In addition, the Ovac influences the electronic properties, as
they are prominent electron donors that tune TiO2 into an n-type semiconductor [42–44]. The Ovac in
as-grown TiO2 NWs have two effects on the electronic properties. In the first instance, the local donor
density moves the Fermi level upward, closer to the conduction band minimum. As a consequence,
the summit of the Schottky barrier between the metallic cathode and the TiO2 drops with increasing
electron donor density close to the interface. In addition, an increased number of Ovac lowers the
resistivity of TiO2 by increasing the number of mobile electrons in the conduction band [45,46] and
thus the as-grown rutile TiO2 NWs show n-type conductivity.

As shown in a previous study, TiO2 NWs annealed in air have a significantly reduced density of
Ovac in the crystal structure, as vacancy condensation takes place during the heat treatment [32]. The
NWs are single-crystalline and the rutile crystal structure of the NWs annealed in air is almost Ovac

free. In addition, the vacancies close to the NW surface are vanished due to the oxygen atmosphere
during the heat treatment, resulting in NWs that have only a 1.8 nm thick surface layer, which deviates
from the perfect rutile TiO2 environment, as shown by changes in the ELNES. These changes during
the heat treatment influence the optical and electronic properties of the NW array, as both the amount
of trap states and electron donors incorporated in the crystal structure are significantly reduced. This
deduction is verified by the UV-Vis measurements, which show that the band gap as well as the Urbach
energy shrink. The reduced band gap can be assigned to less Ovac in the crystalline rutile TiO2 [47]
and a high Ti3+ concentration in the defective area surrounding each void [32]. It is noteworthy
that these NWs appear white although the band gap indicates absorption in the visible blue regime.
This effect is related to a strong light scattering, which is caused by the high refractive index of
TiO2 [48]. Furthermore, a reduced Urbach energy indicates less disorder. However, Urbach energy
is still higher than expected for a single-crystalline rutile nanoparticle [41]. This deviation results
from the 1.8 nm thick surface layer covering the NWs and a defective, Ti3+ rich area surrounding
each void [32]. Concurrently, the transient current is blocked over a broad range of electrical fields.
Only for highly negative electrical fields a Schottky emission-limited current can be detected. These
results are in good accordance with the discussion above. As the density of Ovac is significantly
reduced in the rutile crystal structure of NWs annealed in air, the Schottky barrier heights and the
bulk resistance are expected to increase. Nevertheless, at high negative electrical fields the Schottky
barrier can still be passed. We assume a constant work function for the PtIr tip and the FTO substrate
for all experiments, so the Schottky barrier is mainly influenced by the Fermi level of the TiO2 NWs.
Structural inhomogeneity at the TiO2 NW tip surface might influence the Schottky barrier, but SEM
analysis showed that the surface of the NWs annealed in air is the smoothest, so we assume only
a minor contribution of surface inhomogeneity on the height of the Schottky barrier.

Annealing in N2 changes the distribution of Ovac as well. According to the TEM results presented
in this work, the NWs annealed in N2 have a complex core-shell structure. From these results, it is
reasonable to assume that the defect density in the core, which is riddled by voids, is similar to
the defect density of the NWs annealed in air. Consequently, the electronic properties of the core,
possessing a low defect density, are similar to the electronic properties of NWs annealed in air. However,
the IV-characteristics measured for the NWs annealed in N2 differ strongly from those, measured
for the NWs annealed in air. Thus, the core of the NW annealed in N2 has no significant influence
on the conductivity in these NWs. The Fowler–Nordheim tunneling behavior that occurs at low
electrical fields is supposed to be a result of a disordered surface layer (Figure 4a,c) covering the
metal-like TiO2−x shell. For strong electric fields, the influence of this ultra-thin layer is negligible.
Without this metallization, the Schottky barrier is much thicker and Schottky emission, as observed for
the as-grown NWs, instead of tunneling dominates. The metal-like behavior of the shell is in good
agreement with the black color of the NW array, as absorption throughout the entire spectral range
is common for metals. Several observations indicate that the metallization takes place in a confined
volume. Firstly, the optical measurements are still dominated by the properties known for white
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TiO2. It is known that the transmittance of light of thin metal films drops below 20% for films being
thicker than about 10–20 nm [49]. As our NW arrays show a high transmittance, it is reasonable to
assume that the metallic part in the NWs annealed in N2 does not exceed 20 nm. In addition, the ohmic
resistance measured for these NWs is relatively large. Such large ohmic resistances stem from the tiny
cross-sections of the highly conductive part of the NWs annealed in N2. According to the TEM and
EELS results, NWs annealed in N2 are covered by a TiO2−x shell that contains a very high amount
of Ovac, as the vacancies cannot be removed at the surface due to the slightly reducing environment
of the N2 atmosphere. Although an incorporation of N cannot be ruled out completely due to the
EELS detection limit of around 1%, we assume no influence of a potential N doping (which would
be below 1 at% of N) on the electrical properties. This assumption is based on the fact that changes
in the electronic properties for TiO2−2xNx were only detected for N incorporation higher than 5 at%
N [50]. Such high concentrations can be excluded due to the absence of an N K-edge in the EEL
spectra throughout the NW, although it is not possible to confirm this result with other methods due
to signal overlap. Nevertheless, even undoped but strongly reduced TiO2−x, as found in the shell
of the NW annealed in N2, is highly conductive [26,44]. Hence, it is reasonable to assume that the
TiO2−x shell is responsible for the unusual properties of these NWs, but due to the small dimensions
it is difficult to localize the origin of these effects within the shell. According to the TEM results, the
shell can be divided in three parts, namely the disordered surface layer (2.2 nm), the crystalline TiO2−x
shell (8–20 nm) and a defective interfacial area between the TiO2−x shell and the TiO2 core (1.9 nm).
The high Urbach energy measured for these NWs originates from the high degree of disorder in the
surface layer. Similar surface layers were found in various black TiO2 nanomaterials and seem to
be the origin of the black color [16]. This change in color is mainly related to the presence of a big
Urbach tail at the upper part of the valence band [16]. These results are in good accordance with the
high Urbach energy which was measured for NWs annealed in N2. The metallization and the high
transient current might result from the entire shell but there are some indications that it is confined
on the defective interface between the TiO2−x shell and the TiO2 core. The EELS analysis showed a
higher concentration of Ti3+ at this interface, which might arise from a great amount of Ovac confined
at this interface. Both are electron donor type defects and can lead to high conductivity. Lü et al. found
a similar conducting interface at the homojunction of a bilayer thin film. This homojunction is formed
between an oxygen-deficient, amorphous TiO2−x layer with around 20 nm thickness and a comparable
thick layer of anatase TiO2 [29]. Our experimental setup does not allow direct proof of this assumption,
but the results obtained in this study give evidence that not the entire shell, but a conductive interface
might be responsible for the highly conducting properties of the black NWs annealed in N2. In addition,
there is a certain hysteresis of the IV characteristics, which indicates that the Ovac are able to drift
through the TiO2−x shell. This effect is well known from resistive switching [51–53] and might be the
reason why the Ovac cannot be detected by annular bright field STEM. Due to the high mobility of the
Ovac, their density at the PtIr/TiO2 and FTO/TiO2 interfaces differ slightly, resulting in the observed
asymmetry of the IV characteristics for positive and negative applied bias.

4. Materials and Methods

4.1. Synthesis Procedure

TiO2 NW arrays were synthesized by a hydrothermal procedure adapted from Liu et al. [40].
All chemicals were used as supplied without further purification. In a typical synthesis, 250 μL
titanium butoxide (Ti(nOBu)4), Sigma-Aldrich, St. Louis, MI, USA) was dropped into a mixture of 5 mL
concentrated hydrochloric acid (37 wt%, analytical grade, Sigma-Aldrich) and 5 mL deionized water
under vigorous stirring. Ultrasonically cleaned (isopropyl alcohol, acetone, ethanol) FTO substrates
were placed vertically in a Teflon liner, which was filled with the growth solution and placed into
a steel autoclave. The hydrothermal reaction was performed at 150 ◦C for 4.5 h. Afterwards, the
autoclave was cooled down to room temperature. The FTO substrates, covered with TiO2 NW arrays,
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were rinsed with deionized water and dried with compressed air. Heat treatment of the samples was
performed at 500 ◦C (50 ◦C/min ramp up to 500 ◦C) on an Anton Paar DHS 1100 (Anton Paar, Graz,
Austria) heating stage. For the TiO2 NWs annealed in N2, a constant N2 atmosphere of 1.35 bar was
applied during the experiment, whereas the other sample was annealed in air.

4.2. Characterization

SEM analysis: The morphology of the NW arrays in top-view was investigated using a Zeiss
AURIGA Modular CrossBeam workstation (Zeiss, Oberkochen, Germany) equipped with an in-lens
detector. All measurements were carried out at 4 kV.

TEM analysis: TEM was applied for the morphological and crystallographic analysis. The TiO2

nanowires were scraped off the FTO substrate and the resulting powder was dispersed on a copper
grid with a holy carbon film. A Philipps CM20 (FEI, Hillsboro, OR, USA) and a Jeol JEM-2200FS field
emission gun instrument (Jeol, Akishima, Japan), both operated at 200 kV, were used for conventional
bright field TEM, selected area electron diffraction, and HR TEM.

STEM images and EELS data were acquired at 300 kV with a FEI Titan Themis 60–300
(FEI, Hillsboro, OR, USA) equipped with a high brightness field emission (XFEG™) source,
a monochromator, an aberration-corrector for the probe-forming lens system, a BRUKER EDS Super X
detector, and a high-resolution energy filter (post-column Quantum ERS energy filter). EEL spectra
were acquired in STEM mode with a dispersion of 0.1 eV per channel. To measure the band gap on a
local scale, low-loss spectra in monochromated STEM mode were acquired with a dispersion of 0.01 eV.
An energy resolution of 0.3 eV, as determined by the full-width at half maximum of the zero-loss peak,
was obtained. Using a power-law fit, the tail of the zero-loss peak was removed and the band gap
was extracted according to the linear fit method [54]. For all EELS measurements, the convergence
semi angle was 23.8 mrad and the collection semi-angle was 35 mrad. All EELS data were taken
using the dual-channel acquisition technique [55] and the spectra were corrected for dark current and
channel-to-channel gain variation [56]. The background was removed using a standard power law
fit [56].

EEL spectra of the Ti-L2,3 edge were used to determine the Ti3+/Ti4+ ratio with high lateral
resolution. Therefore, a calibration technique of Stoyanov et al. [34]. was used. It is based on the
position and intensities of the Ti L2 and L3 white lines.

UV-Vis spectroscopy: A PerkinElmer Lambda 800 spectrometer (PerkinElmer, Waltham, MA,
USA) in transmission mode was utilized to measure the absorption spectra in a wavelength range of
350–850 nm. The step size was 1 nm. The detected UV–Vis data were used to determine direct and
indirect band gaps using Tauc plots [57] and to calculate the Urbach energy [38] of the different samples.

IV characteristics: Qualitative information about the electronic properties of the investigated TiO2

NWs was obtained by IV-measurements. A platinum-iridium (PtIr) (4:1) tip served as a top electrode.
The IV-characteristics of the transient current through the PtIr/TiO2/FTO sandwich were determined.
The tip was taken because typical deposition techniques used for flat metal electrodes would infiltrate
the interspace between the NWs and cause shorts. The tip was placed manually and softly on the
NW array and pushed by its own weight (0.1 g) on a bunch of NWs during the measurement. The
bottom contact was established by removing the NWs using a diamond writer and connecting the
uncovered FTO with a thin insulated copper wire and a drop of silver paste. The sample holder was
transferred into a vacuum chamber, where the humid air was replaced by dry nitrogen during several
pumping and purging steps. A Keithley 2401 (Ketihly Instruments, Cleveland, OH, USA) was used as
a voltage source and to measure the transient current. In the presented graphic, a positive electric field
is pointing from the PtIr tip towards the FTO and the IV-curves were obtained by changing the field
from negative to positive values.
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5. Conclusions

In this study, we propose heat treatments in different environments in order to manipulate the
structure of hydrothermally grown rutile TiO2 NWs in such a way that their optical and electrical
properties can be tailored. The as-grown NWs incorporate a high amount of defects, especially Ovac,
which are responsible for the n-type conductivity in these NWs. Independent of the environment, the
heat treatment leads to a condensation of these vacancies and to the formation of single-crystalline,
lattice defect free, rutile TiO2 NWs that incorporate voids. The absence of Ovac results in a blocking of
the transient current and concurrently improves the optical properties by decreasing the band gap and
Urbach energy. For an oxidizing environment, such as air, the resulting NWs are almost insulating.
Although NWs annealed in N2 contain up to around 80% of an insulating rutile TiO2 core, their
properties are completely different. They possess a black color and an almost metal-like conductivity.
These properties are related to the slightly reducing atmosphere of N2 during the heat treatment.
It inhibits the vanishing of the surface-near Ovac and thus a core-shell structure with a highly oxygen
deficient shell is formed.
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Abstract: TiO2 nanowire networks were prepared, using the corrosion of Ti foils in alkaline (potassium
hydroxide, KOH) solution at different temperatures, and then a further ion-exchange process.
The prepared nanostructures were characterized by field emission scanning electron microscopy,
Raman spectroscopy, and X-ray photoelectron spectroscopy. The wet corroded foils were utilized as
the photoanodes of bendable dye-sensitized solar cells (DSSCs), which exhibited a power conversion
efficiency of 1.11% under back illumination.

Keywords: TiO2; wet corrosion; dye-sensitized solar cells

1. Introduction

The dye-sensitized solar cell (DSSC, or Grätzel cell) was first presented in 1991 [1], and has
since been considered a low-cost alternative to conventional silicon solar cells, and a promising
construction element for building-integrated photovoltaics (BIPV). This is due to its transparency and
diverse colors [2]. Recently, cost-effective (Ti and stainless steel) metal foils have been proposed
for the fabrication of bendable DSSCs for flat and curved building skins instead of plastic
materials. This is primarily because of the lack of limitations with respect to high-temperature
processing [3–6]. In particular, Ti substrates decreased the series resistance of DSSCs, and thus
allowed for a better fill factor (FF) and power conversion efficiency, as compared with F-doped
SnO2 (FTO)-conducting glasses [5,6]. The DSSC consists of a dye-sensitized porous photoanode,
a redox electrolyte, and a platinized counter electrode. Photoanodes are generally prepared using TiO2

nanoparticles with a size of 5–20 nm. However, such mesoporous nanoparticle films are hampered
by the limited electron transport caused by particle-to-particle hopping and charge recombination
at interfaces [7,8]. With the aim of improving the DSSC performance, one-dimensional (1D) TiO2

nanostructures, such as nanotubes, nanorods, and nanowires, have been synthesized by various
methods including anodization [9–11], electrospinning [12] and hydrothermal alkali treatment of
titania nanoparticles [13,14]. It is suggested that one-dimensional (1D) nanostructures offer better
transport pathways for photogenerated electrons than nanoparticles because of their longer carrier
diffusion lengths [8,15]. Recently, 1D titania arrays have been directly prepared on a Ti foil via the
anodic oxidation of Ti in different electrolytes containing fluoride ions [16], and have been used as
the photoanode of DSSCs [9,11,17]. The 1D titania arrays could also be detached and transferred
onto the FTO glass for the fabrication of DSSCs [17]. However, it is not easy to reliably produce such
nanostructures over a large area, since the anodization process is sensitive to electrochemical reaction
conditions. Direct oxidation of Ti foils can also produce nanorods or nanowires directly grown on Ti
substrates, but they require a long growth time [18] or high temperatures [19]. In this study, we report

Nanomaterials 2017, 7, 315 173 www.mdpi.com/journal/nanomaterials



Nanomaterials 2017, 7, 315

a facile approach for fabricating TiO2 nanowire networks on Ti foil using a Ti corrosion reaction in
KOH aqueous solutions at different temperatures, followed by a further ion-exchange process. We also
investigate the efficacy of the TiO2 nanowire networks as photoanodes for bendable DSSCs.

2. Results and Discussion

Figure 1 shows field emission scanning electron microscopy (FE-SEM) images of the
nanostructures prepared using Ti wet corrosion in 5 M KOH aqueous solution at different temperatures.
Porous nanowire networks were formed on the Ti surface at all corrosion temperatures. Details of
the chemical reactions occurring between Ti and alkaline solution can be found elsewhere [20,21].
Ti reacts with hydroxide ions through hydration reactions, which results in hydrated TiO2. Meanwhile,
hydrated TiO2 can be also dissolved as negatively charged hydrates by hydroxyl attack. Notably,
a higher corrosion temperature yielded thicker nanowires, networks that were more aggregated,
and a deeper corrosion depth. Figure 2 shows FE-SEM images of nanowire networks formed in
5 M KOH at 50 ◦C, and compares various corrosion time periods. Interestingly, compact nanowire
networks were formed near the metal/oxide interface, whereas porous networks were produced
near the surface. This result might be related to the local concentration gradient of hydroxide ions.
The average thicknesses of the nanostructures formed for corrosion times of 6, 12, 24, and 48 h were
1.4 ± 0.1, 1.6 ± 0.2, 2.6 ± 0.2, and 3.3 ± 0.1 μm, respectively.

 

Figure 1. Field emission scanning electron microscopy (FE-SEM) images of the surface and cross-section
of wet-corroded Ti foil at various temperatures in 5 M KOH aqueous solution: (a,d) 20 ◦C, (b,e) 50 ◦C,
and (c,f) 80 ◦C.

 

Figure 2. FE-SEM images of the surface and cross-section of wet-corroded Ti foil at 50 ◦C in 5 M KOH
aqueous solution for various time periods: (a,e) 6 h, (b,f) 12 h, (c,g) 24 h, and (d,h) 48 h.
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As reported previously, the resulting nanostructures could be K-incorporated TiO2 nanowires
containing K–Ti–O bonds [20–24]. Figure 3 shows the Raman scattering spectra of all of the
wet-corroded samples under 531 nm excitation to identify Ti–O bonds of the anatase and rutile phases
and K–Ti–O bonds of potassium titanates. Anatase has six Raman active modes (i.e., 144 cm−1 (Eg),
197 cm−1 (Eg), 399 cm−1 (B1g), 513 cm−1 (A1g), and 639 cm−1 (Eg)) and rutile has four Raman active
modes (i.e., 143 cm−1 (B1g), 447 cm−1 (Eg), 612 cm−1 (A1g), and 826 cm−1 (B2g)) [25]. All samples
showed typical Raman peaks originating from the anatase and rutile phases of TiO2 (i.e., 197 cm−1,
448 cm−1, 640 cm−1

, and 826 cm−1). Interestingly, prominent Raman peaks resulting from the
potassium-doped TiO2 (K-doped TiO2; i.e., 285 cm−1 and 660 cm−1) were also observed [26,27].
As the reaction temperature increased, all of the peaks became more intense and sharper, as a result
of which the crystallinity of the nanostructures improved. Similarly, the corrosion time also had an
influence on the degree of crystallinity. The X-ray diffraction (XRD) patterns of the wet-corroded Ti
foils were also obtained (Figure S1 in Supplementary Materials). The intensity of the crystalline Ti
peaks decreased with the increase in the reaction temperature. Unfortunately, prominent crystalline
TiO2 peaks were not observed using XRD.

Figure 3. Raman spectra of Ti foils corroded (a) in 5 M KOH aqueous solution for 24 h at different
temperatures and (b) in 5 M KOH aqueous solution at 50 ◦C for different time periods.

The chemical identity of the wet-corroded samples was confirmed by X-ray photoelectron
spectroscopy (XPS). To replace K+ with H+, the wet-corroded Ti foil was immersed in HCl solution and
the efficacy of the ion-exchange (hereafter referred to as “ion-exchange” and abbreviated as “IE”) was
investigated as well. According to the survey XPS scans, the samples contained K, Ti, and O; no other
elements were detected, except for carbon (Figure S2 in Supplementary Materials). Figure 4 shows
the X-ray photoelectron narrow scan spectra of the K 2p, Ti 2p, and O 1s levels in the nanostructures
prepared at 50 ◦C for 48 h. The observed binding energies of the K 2p, Ti 2p, and O 1s levels are
summarized in Table 1. As can be seen from Figure 4a, the binding energy of the K 2p3/2 level before
IE treatment was in fairly good agreement with that of the K-incorporated titanates reported in the
literature. However, the K 2p peak disappeared completely after the IE treatment. As shown in
Figure 4b, the Ti 2p doublet peaks of Ti 2p1/2 and Ti 2p3/2 were observed at 464.5 eV and 458.8 eV,
respectively, and this is ascribed to the Ti–Ti bond. In Figure 4c, the binding energy of the O 1s
level corresponds mainly to the Ti–O bond (bulk O2−) in TiO2 (530.0 eV and 530.5 eV for anatase
and rutile, respectively). The small peak at the higher binding energy was a result of OH groups
belonging to hydroxyl groups and adsorbed H2O, and its intensity became slightly higher after the
IE treatment. On the basis of the observed binding energies, the as-received nanostructures were
concluded to be K-doped TiO2. Unfortunately, the K-doped TiO2 exhibited p-type characteristics [24],
and thus the removal of potassium dopant was crucial in order to use the nanostructures as the DSSC
photoanode. It should be noted that the IE process was highly effective in removing potassium from
the nanostructures without affecting the Ti–Ti and Ti–O bonds.
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Table 1. Binding energies of K 2p, Ti 2p, and O 1s levels in X-ray photoelectron spectroscopy (XPS)
fitting. IE: ion exchange.

(Unit: eV)
K 2p Ti 2p O 1s

2p1/2 2p3/2 2p1/2 2p3/2 O–H Ti–O

48 h 295.6 292.9 464.5 458.8 532.1 530.4
48 h (IE) - - 464.5 458.8 531.9 530.4

 

Figure 4. Normalized intensity of the XPS narrow scan spectra of (a) K 2p, (b) Ti 2p, and (c) O 1s levels.
The dotted lines below the XPS spectra represent the Lorentzian-fitted curves.

The fabricated nanowire networks were sensitized with N719 dye on the Ti foil and then used
as the photoanode of a DSSC. However, because the substrate was metallic, the DSSC was required
to be illuminated from the Pt counter electrode side (i.e., back illumination). The main drawback
of this configuration relates to the transmission losses due to the Pt-based catalyst and the I−/I3

−

liquid electrolyte. Figure 5a shows the current density-voltage (J-V) characteristics of the DSSCs under
back illumination. Table 2 summarizes the photovoltaic parameters. The photovoltaic performance
improved with an increase in the reaction time: open-circuit voltage (Voc) increased from 0.63 V
to 0.69 V; photocurrent density (Jsc) increased from 0.60 mA/cm2 to 2.08 mA/cm2; and power
conversion efficiency (η) increased from 0.27% to 1.03%. Notably, the IE treatment resulted in
better photovoltaic performance: η increased from 1.03% to 1.11%. Electrochemical impedance
spectroscopy (EIS) can offer valuable insights into interfacial charge-transfer processes of DSSCs.
Figure 5b shows the Nyquist plots of the DSSCs under back illumination with applied open-circuit
voltage. The semicircle in the intermediate frequency region reflects the charge-transfer resistance at the
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TiO2/photosensitizer/electrolyte interface. As the photoanode thickness increased, the charge-transfer
resistance decreased; thus, this coincides with the resultant DSSC performance.

Table 2. Photovoltaic characteristics of wet-corroded Ti foil dye-sensitized solar cells (DSSCs) at 50 ◦C
for different corrosion time periods. IE: ion exchange; FF: fill factor; Voc: open-circuit voltage; η: power
conversion efficiency; Jsc: photocurrent density.

Wet Corrosion Time (h) Voc (V) Jsc (mA/cm2) FF (%) η (%)

6 0.63 0.60 72.0 0.27
12 0.64 0.92 71.7 0.42
24 0.67 1.76 68.3 0.80
48 0.69 2.08 71.5 1.03

48 (IE) 0.69 2.28 70.1 1.11

Figure 5. (a) J-V characteristics and (b) Nyquist plots of DSSCs.

3. Material and Methods

3.1. Three-Dimensional TiO2 Nanowire Networks

A pure titanium foil (Ti > 99.5%, Nilaco Co., Tokyo, Japan) with a thickness of 1 mm was used
as the starting material for wet corrosion. TiO2 nanostructures could be prepared through a Ti
corrosion reaction in KOH aqueous solution [20]. A Ti substrate 15 mm × 30 mm in size was polished
with a SiC sheet (No. 1000) and subsequently cleaned by ultrasonication in acetone, isopropanol,
and deionized (DI) water. The cleaned substrate was immersed in 5 M KOH (95%) for 24 h at different
temperatures (20, 50, and 80 ◦C). The wet-corroded Ti substrate was thoroughly rinsed with DI
water. The 3D morphology of the TiO2 nanostructures was investigated by field emission scanning
electron microscopy (FE-SEM, S-4800, Hitachi, Tokyo, Japan). A Focused Ion Beam (FIB, Thermo
Fisher Scientific, Waltham, MA, USA) was used to prepare the cross-sectional samples. Micro-Raman
spectroscopy was performed in a back-scattering geometry by using a laser operating at a wavelength
of approximately 531 nm and with a spectral resolution of 1.4 cm−1 (FEX, NOST, Seongnam, Korea).
The Raman signals were detected using a charge-coupled-device (CCD) camera (iDus DV401A, Andor,
Concord, MA, USA). The XRD patterns were collected on a D/max250/PC (Rigaku, Tokyo, Japan)
using Cu radiation at 40 kV and 200 mA at room temperature. X-ray photoelectron spectroscopy (XPS)
was performed with the K-Alpha XPS system (Thermo Fischer Scientific, Waltham, MA, USA) using a
monochromated Al Kα X-ray source with an energy of 1486.6 eV. The spectra of Ti 2p and O 1s energy
levels were calibrated with respect to the C 1s peak of the adventitious carbon on the sample surface at
285.0 eV.
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3.2. DSSCs

The wet-corroded foil was immersed in 0.1 M HCl aqueous solution for 24 h at room temperature
(RT) to replace K+ with H+, after which it was rinsed with deionized (DI) water and dried under N2

flow. The titanium tetrachloride (TiCl4) treatment was performed by soaking the foil in 0.04 M TiCl4
aqueous solution at 75 ◦C for 30 min. It was then rinsed with DI water and sintered at 500 ◦C for 30 min.
The foil was exposed to O2 plasma and then immersed in 0.1 M HNO3 solution for 30 min to facilitate
dye adsorption. The final foil was immersed in a 0.5 mM N719 (Solaronix) ethanol solution for 12 h.
A Pt counter electrode was prepared on fluorine-doped SnO2 (FTO)-coated conducting glass (TEC 8,
Pilkington; thickness: 2.2 mm, sheet resistance: 8 Ω/sq) by spin-coating of 0.04 M chloroplatinic acid
(H2PtCl6) solution and post-annealing at 400 ◦C for 1 h. Both the dye-sensitized foil and the Pt counter
electrode were sealed with a 25-μm-thick layer of Surlyn (Solaronix, Aubonne, Switzerland). An iodide
based redox electrolyte (Iodolyte AN-50, Solaronix, Aubonne, Switzerland) was injected into the cell.
The photovoltaic characteristics of the cell were measured using a solar cell I–V measurement system
(K3000 LAB, McScience Inc., Suwon, Korea) under air mass 1.5 (AM 1.5) global, one-sun illumination
(100 mW/cm2). The effective area of the fabricated solar cell was 1 cm × 0.7 cm. The open-circuit
voltage (Voc), photocurrent density (Jsc), fill factor (FF), and power conversion efficiency (η) were
recorded simultaneously. EIS experiments were performed using a frequency response analyzer
(Solartron 1260, AMETEK. Inc., Berwyn, PA, USA). A sinusoidal potential perturbation with an
amplitude of 10 mV was applied over a frequency range from 100 kHz to 0.1 Hz.

4. Conclusions

TiO2 nanowire networks were easily prepared with Ti corrosion in strong basic solutions at
different temperatures and then a further IE process. Importantly, the prepared nanostructures on
Ti foils were utilized as the photoanodes of bendable DSSCs, and consequently, the DSSCs exhibited
a power conversion efficiency of 1.11%, even under back illumination. Our work towards further
developments (e.g., fabrication optimization and transfer of the TiO2 nanowire networks to various
substrates [11,17,28] for front illumination) will be explored and published in due course.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/7/10/315/s1,
Figure S1: XRD patterns of the wet-corroded Ti foil samples at various temperatures in 5 M KOH aqueous solution
and normal Ti foil, Figure S2: Survey XPS spectrum of wet-corroded Ti foil sample at corrosion temperature of
50 ◦C and corrosion time of 48 h.
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Abstract: This paper presents substantial improvements of the colloidal photolithography technique
(also called microsphere lithography) with the goal of better controlling the geometry of the fabricated
nano-scale structures—in this case, hexagonally arranged nanopillars—printed in a layer of directly
photopatternable sol-gel TiO2. Firstly, to increase the achievable structure height the photosensitive
layer underneath the microspheres is deposited on a reflective layer instead of the usual transparent
substrate. Secondly, an increased width of the pillars is achieved by tilting the incident wave and
using multiple exposures or substrate rotation, additionally allowing to better control the shape
of the pillar’s cross section. The theoretical analysis is carried out by rigorous modelling of the
photonics nanojet underneath the microspheres and by optimizing the experimental conditions.
Aspect ratios (structure height/lateral structure size) greater than 2 are predicted and demonstrated
experimentally for structure dimensions in the sub micrometer range, as well as line/space ratios
(lateral pillar size/distance between pillars) greater than 1. These nanostructures could lead for
example to materials exhibiting efficient light trapping in the visible and near-infrared range, as well as
improved hydrophobic or photocatalytic properties for numerous applications in environmental and
photovoltaic systems.

Keywords: sol-gel; TiO2; sub-wavelength structures; colloidal photolithography

1. Introduction

Colloidal photolithography [1,2] has several advantages, the most important one being its
ability to periodically nano-structure large surfaces which can be planar or non-planar (curved of
cylinder based shape). The method uses microspheres arranged in a regular grid to focus light into
a photosensitive material. It is based on a 2D hexagonal self-arrangement of the microspheres in
a monolayer. The concentration of the optical field underneath the microspheres called ‘photonic
nanojet’ can illuminate the photosensitive layer locally, leading to a latent image according to the
arrangement of the microspheres, which is then chemically developed.

Among the photosensitive materials, TiO2 sol-gel material is attractive because of its optical
and chemical properties [3], especially when it is nanostructured [4]. TiO2 is well known for its high
refractive index (up to 2.2 in its anatase phase), for its high mechanical and chemical stability, as well as
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for its photocatalytic properties. Association of the colloidal photolithography with TiO2 material leads
to innovative components that could be used for example in attractive environmental applications [5,6]
as well as in the domain of solar and photovoltaic energy [7–9]. Combining colloidal lithography and
direct photopatternable sol-gel TiO2 material leads to a unique and powerful technology allowing
to perform microstructuring in only one technological step, without etching process, while being
compatible with standard and non-standard large substrates.

When TiO2 sol-gel material, being a negative photoresist, is periodically structured by colloidal
lithography, the nanojets issued from each microsphere will lead to the origination of periodic
nanopillars [10]. One limit of this process according to the state of the art is a low aspect ratio
(height/lateral size) of the achieved nanopillars (or rods) due to the shape of the nanojet inside
the TiO2. This is unfortunate since very high nanopillars have interesting properties, for instance,
with regards to hydrophobicity. In the present study this limit was exceeded, with nanopillars
of up to several hundreds of nanometers in height compared to the commonly achieved several
tens of nanometers. This was achieved by depositing the sol-gel material on a reflecting substrate,
like aluminum, and exploiting standing wave effects between the different materials. This approach
of using metal layers to confine and form the electric field has been successfully applied for other
lithographic techniques (e.g., two-beam lithography [11]) but, to the best of the author’s knowledge,
this approach is new to colloidal lithography.

A second optimization of the form of the nanojets promises to result in wider than usual
nanopillars, increasing the line/space ratio (size of the pillar/period of the grating). Wide nanopillars
can, for example, increase the absorption of light in the UV region and can lead to useful photo-catalysis
phenomena as well as higher efficiency in solar cells. The idea is to apply a tilt to the incident wave
focused into the TiO2 material. Some authors have already considered microsphere photolithography
under oblique incidence to produce arbitrary nano-patterns by projection of a pixelated optical mask
into the photoresist [12]. In comparison, our approach is simpler because it is based on exposure of the
TiO2 sol-gel directly through a mask of a SiO2 microspheres monolayer without any other intermediary
optical system.

In the following, the results of rigorous simulations of the optical field behind the microspheres are
presented, followed by experimental demonstrations of the two mentioned approaches for achieving
wider nanopillars with complex shapes, as well as very high aspect ratio columns.

2. Materials and Methods

2.1. Rigorous Optical Simulation of Nanojets Created by Microsphere Arrays

In order to predict the distribution of the electric field from the array of microspheres, the geometry
of the elementary cell of a hexagonal grating of silica microspheres was defined using a MATLAB
routine for later use in an rigorous coupled-wave analysis (RCWA) [13] based optical propagation code
(“MCGratings” [14]), which allows the calculation of the electromagnetic field distribution behind
the microspheres. Each microsphere of 1 μm diameter was longitudinally (i.e., in the direction of
light propagation) discretized in 35 layers, which is a good compromise for determining a sufficiently
exact representation of the electromagnetic field in an acceptable calculation time. The number of
considered Fourier-orders was determined by repeatedly calculating several representative structures
with an increasing number of Fourier-orders and verifying the convergence of the results towards
a solution that is sufficiently stable. 15 × 25 Fourier-orders were used for the calculation in this paper,
as they proved to be a good compromise between calculation time and the required precision of
the result.

2.2. Direct Photolithography of the Sol-Gel TiO2

In order to prepare TiO2-based photoresist, specific sol-gel formulations were used. The final sol
is prepared from titanium isopropoxide orthotitanate (TIPT) complexed by benzoyl acetone (BzAc),
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using a mixture of two different primary sols as detailed in [4]. The so-obtained final sol can be coated
on glass substrates by spin-coating and is thus compatible with large sized substrates. The deposited
sol-gel TiO2 film is coated by a microspheres monolayer using the Langmuir Blodgett method that
leads to hexagonal self-organization of the particles, as detailed in [10]. Further chemical and optical
properties of the sol-gel and details about its preparation, as well as required parameters and details
about the photolithographic patterning process can be found in previous works by the authors [4,10].

3. Results and Discussion

3.1. Simulation and Optimization of the Microsphere-Created Nanojets

The result of the optical simulations are presented in Figure 1, showing the obtained mapping
of the component Ey of the electric field for a linearly polarized incident wave at the wavelength
λ = 365 nm (corresponding to the i-line of the used narrow-band gas discharge mercury vapor lamp)
propagating along the z-axis from air (top) to the sol-gel layer (down) with varying tilting angle,
using optical borosilicate-crown glass (BK7) as substrate. The influence of the polarization direction
of the incident light was found to be negligible for the overall structure of the field distribution,
it was therefore fixed to having the E-Field along the y direction. In the simulation, the sol-gel layer
thickness is supposed to be infinite underneath the microspheres that are arranged hexagonally with
a period of 1 μm in x-direction, corresponding to their diameter. The incidence angle in x-direction
of the incident wave varies from 0◦ (Figure 1a) to 30◦ (Figure 1f). The refractive index and the
absorption of the sol-gel depend weakly on the illumination parameters and are thus difficult to fix in
the modeling. As those changes are minor [10], we restricted for the scope of this paper the simulation
to a non-absorbing sol-gel with a fixed refractive index of n = 1.63, measured by ellipsometry.

Figure 1. Mapping of the Ey component of the electric field for λ = 365 nm at different incidence angles:
(a) 0◦; (b) 5◦; (c) 12◦; (d) 20◦; (e) 25◦ and (f) 30◦.

Having calculated the electric field, several parameters were studied to fully analyze and exploit
the properties of the resulting nanojet. These parameters include the distance from the microsphere’s
output face to the maximum intensity inside the nanojet, the nanojet’s length and diameter as well
as the ratio between them, and the energy of the nanojet outside of the microsphere. The analysis of
these parameters permits to choose the best exposure angle in order to obtain a required geometry
(the length/width ratio and the shift of the nanojet along x-axis) with sufficient field concentration
to expose the TiO2 in a reasonable time. It turns out that the overall shape and the length/width
ratio of the nanojet remains stable up to tilting angles of about 25◦, allowing for a flexible use of tilted

183



Nanomaterials 2017, 7, 316

incidence waves to change the shape of the developed structures. As expected, increasing the exposure
angle shifts the lateral position of the maximal field amplitude laterally (Figure 2).

Figure 2. Lateral shift of the maximum intensity of the nanojet inside the TiO2 film versus exposure angle.

3.2. First Optimization: Increasing the Nanopillars Width and Creating Variable Shapes

Figure 3 shows the different investigated optical setups and the resulting structures, comprising two
exposures (Figure 3a) and four exposures (Figure 3b) under 20◦ exposure angle, as well as a continuous
exposure at 20◦ (Figure 3c) and 25◦ (Figure 3d) inclination coupled to a continuous rotation of the substrate.
According to Figure 2b for an angle of illumination of 20◦, the maximum intensity shifts about 200 nm in the
lateral direction x leading to different shapes on the illuminated area according to the three configurations
shown in the middle row of Figure 3. After development in ethanol, each condition of illumination leads to
different shapes of the resulting hexagonally periodic structure illustrated by the SEM photographs at the
bottom row of Figure 3. For the two-beam case of Figure 3a a bow-tie pattern appears, the four exposures
case of Figure 3b creates a clover-shaped pattern, whereas the rotation under an angle of 20◦ leads to
large nanopillars with approximately 500 nm diameter (Figure 3c), and close to 600 nm diameter for 25◦

exposure angle, corresponding to a line/space ratio greater than 1 (Figure 3d).

Figure 3. Illustration of the illumination conditions (top row), top view the expected nanojet
arrangement in the TiO2 layer (middle row, red indicates increased intensity) and SEM photographs of
the resulting TiO2 pattern (bottom row) of hexagonally periodic structures on BK7. (a) two opposite
exposures of angle 20◦ leading to a bow-tie structure, (b) four exposures of angle 20◦ leading to clover
leaf structure, (c) one exposure under an angle of 20◦ with substrate rotation leading to nanopillars
of 500 nm diameter and (d) one exposure under an angle of 25◦ with substrate rotation leading to
nanopillars of 600 nm diameter.
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3.3. Second Optimization: Increasing the Nanopillar’s Height

The second optimization of the geometry of the nanopillars, where the goal was to increase the
pillar’s height, consists in using a reflecting substrate like, in the present case, a BK7 glass coated
with a thin film (170 nm) of aluminum. As previously mentioned, the microspheres are deposited
on the sol-gel TiO2 film. At normal incidence, the nanojet coming from the microspheres is reflected
back, leading to a standing wave pattern which is notably longer than the nanojet without reflection,
thus allowing higher nanopillars to be created. However, the standing wave creates intensity minima
and maxima along the z-axis, which can be detrimental to the formation of smooth nanopillars if
the sidewalls follow this modulation. Furthermore, at the interface TiO2-Al, the electric field value
must be 0 in order to satisfy the continuity condition of its transverse component. This condition is
not favorable for the stability of the structure because exposure of the TiO2 at the interface will be
particularly ineffective. The distance L between two successive minima is related to the real part of the
refractive index n of the film and to the insolating wavelength λ by L = λ/2n. For TiO2 of refractive
index n = 1.84 at the insolating wavelength λ = 365 nm, L takes the value of 100 nm. The number of
nodes is given by the film thickness divided by the distance L. For example, for a TiO2 film of thickness
600 nm, the nodes number is 6, as confirmed in the simulation shown in Figure 4b (top row).

Figure 4. Simulation mapping of the electric field and SEM of the corresponding nanopillar with TiO2

initial film thickness of: (a) 300 nm; (b) 600 nm; and (c) 700 nm.

Using the same experimental process as in the first part of this section but without any tilt,
the nanopillar created by the nanojet reveals a shape in Figure 4b (bottom row) that is not so far
from that predicted by the simulation. However, a smoothing effect of the exposed image is present,
consolidating the pillars at their basis and also avoiding a too important modulation of the sidewalls.
The smoothing can be attributed to the spectral linewidth of the illumination (which is neglected in
the simulation), leading to a minor position change of the maxima and minima of the intensity and
thus slightly blurring the interference pattern. Furthermore, a change of the refractive index and
the absorption of the sol-gel can occur during exposure (bleaching effect, densification [10]) which
will dynamically alter the field distribution and thus also create blurring. A detailed analysis of the
importance of those effects is beyond the scope of this paper, the good agreement between simulation
and results however confirm the eligibility of the modelling. The obtained pattern is 465 nm wide and
520 nm high with an under layer of thickness 177 nm. The addition of the height of the nanopillar and
of the under-layer’s thickness corresponds to the initial TiO2 thickness deposited onto the substrate.
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The aspect ratio (height/width) is in this case equal to 1.2, but it has been improved with other samples
when using a thicker film of TiO2 as shown below. Figure 4 shows the simulation results and the SEM
images for different thicknesses of the TiO2 layer. For a thickness of 300 nm (Figure 4a), we can notice
undulations on the nanopillars’ edge that follows the three nodes of the standing wave. For the higher
nanopillars, the effect is less visible because of a reduced contrast between minima and maxima of the
standing wave. In the case of a 300 nm thickness TiO2 film, the aspect ratio is 0.87 and is, as expected,
smaller than the one obtained previously for a 600 nm thick film.

However, using even thicker TiO2 film, the height of nanopillars can reach 700 nm (Figure 4c)
and the aspect ratio is 2.18. The SEM photographs of the hexagonal arrangement of the nanopillar
are presented in Figure 5a. The diffraction effect shown in Figure 5b confirms the presence of the
structuration on the whole surface. It also shows that the size of the perfectly crystalline regions of the
surface is limited, in our case from several hundreds of μm to some mm, which is a known effect for
Langmuir–Blodgett type monolayers [15].

Figure 5. Global view of the hexagonally arranged nanostructures with high aspect ratio: (a) SEM
of the array of nanopillars; (b) macroscopic view of the structure under white light illumination,
showing the typical rainbow effect of periodic surface structures.

4. Conclusions

In conclusion, the colloidal lithography technique is used to create original TiO2 nano-structures
with high aspect ratio or with large line/space ratio, opening up its use for new applications. This study
has demonstrated both theoretically and experimentally that the shape of the photonic nanojet
limiting the nano-plots height can be modified using field enhancement by wave reflection and
tilted illumination. The aspect ratio of the nanopillars was improved by 147% when using reflecting
aluminum substrates compared to the case of transparent substrates. In this case, the shape of
the pillars is additionally no longer trapezoidal, which is characteristic for transparent substrates,
but approximates a square shape. Furthermore, it has been shown that the nanopillar’s width can
be increased by employing multiple illumination technique and substrate rotation under oblique
incidence, resulting in line/width ratios of the nanostructure grating larger than 1, strongly increased
in comparison to the case of normal incidence. These improvements provide much flexibility to the
colloidal lithography technique regarding the geometry of the microscopic structures, paving the way
for a more widespread application to large scale planar and non-planar substrates.
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Abstract: Crystalline ZnO-ROH and ZnO-OR (R = Me, Et, iPr, nBu) nanoparticles (NPs) have been
successfully synthesized by the thermal decomposition of in-situ-formed organozinc complexes
Zn(OR)2 deriving from the reaction of Zn[N(SiMe3)2]2 with ROH and of the freshly prepared
Zn(OR)2 under an identical condition, respectively. With increasing carbon chain length of alkyl
alcohol, the thermal decomposition temperature and dispersibility of in-situ-formed intermediate
zinc alkoxides in oleylamine markedly influenced the particle sizes of ZnO-ROH and its shape (sphere,
plate-like aggregations), while a strong diffraction peak-broadening effect is observed with decreasing
particle size. For ZnO-OR NPs, different particle sizes and various morphologies (hollow sphere or
cuboid-like rod, solid sphere) are also observed. As a comparison, the calcination of the fresh-prepared
Zn(OR)2 generated ZnO-R NPs possessing the particle sizes of 5.4~34.1 nm. All crystalline ZnO
nanoparticles are characterized using X-ray diffraction analysis, electron microscopy and solid-state
1H and 13C nuclear magnetic resonance (NMR) spectroscopy. The size effect caused by confinement
of electrons’ movement and the defect centres caused by unpaired electrons on oxygen vacancies or
ionized impurity heteroatoms in the crystal lattices are monitored by UV-visible spectroscopy, electron
paramagnetic resonance (EPR) and photoluminescent (PL) spectroscopy, respectively. Based on the
types of defects determined by EPR signals and correspondingly defect-induced probably appeared
PL peak position compared to actual obtained PL spectra, we find that it is difficult to establish a
direct relationship between defect types and PL peak position, revealing the complication of the
formation of defect types and photoluminescence properties.

Keywords: organozinc precursor; thermal decomposition; zinc oxide; nanoparticle; size effect;
spectroscopic properties

1. Introduction

Nanostructured metal oxide nanoparticles have attracted increasing attention due to their specific
physical and chemical properties in optic, magnetism, conductivity and reactivity. A lots of metal
oxides have been applied to industrial products in sensors, in cosmetics, in medical diagnosis, or as new
devices for optical and electronic applications. These metal oxides were often prepared by top down
from physical approach and bottom up from chemical method. The physical method is very difficult
to control uniform shape and obtain very small grain size less than 10 nm [1]. Nowadays, chemical
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methods (such as co-precipitation, microemulsion, solvothermal synthesis, thermal decomposition,
sol-gel technique, sonochemical route, microwave-assisted technique and electrochemical deposition)
are becoming a popular strategy for fabricating nanostructured metal oxide or metal hydroxide with
controllable morphology and uniform particle size at molecular level. Among these metal oxides (SnO2,
ZnO, NiO, TiO2, FexOy, CoxOy, In2O3, WO3, CoFe2O4 etc.) [2–11], nanostructured ZnO materials were
extensively investigated due to several advantages in friendly environment, high electron mobility,
flexible synthesis methods, various morphologies, the most interesting hot research targets for building
field-effect transistors and energy harvesting (piezoelectric nanogenerators and photovoltaics) [12–17],
for bioimaging and drug delivery [18] and sensors [1,19].

Zinc oxide with a large direct wide band gap of about 3.37 eV at room temperature and a
large exciton binding energy of 60 meV [20,21] has attracted significant attention because of its
special electronic and photonic properties and its broad applications in electronics, optoelectronics,
electrochemistry, fabricating piezoelectric nanodevices, light emitting diodes, solar cell, nanolasers,
sensors and catalysis [22]. More recently, transition-metal-doped p-ZnO NPs-based sensory array
can be used for instant discrimination of explosive vapours [23]. Up to now, 1D nanostructured
ZnO materials have been prepared by using various synthetic approaches including wet chemical
method [22,24–26], physical or chemical vapour deposition [22,27], pulsed electro-chemical
deposition [22,28–32], pulsed laser deposition [33,34], molecular beam epitaxy [35], electrospinning [36]
and microwave heating technique [37–40]. Wet chemical approach is a facile, cost-effective and
convenient method using cheap inorganic zinc salts as precursors in an alkaline medium to
fabricate nanostructured ZnO materials with uniform morphologies such as nanospheres, nanotubes,
nanorods, nanoprisms, nanobelts and nanowires and pure or transition-metal-doped ultrathin
ZnO nanosheets [22–26]. For example, the monodisperse morphology-controlled ZnO troughs
could be prepared at the air-water interface under mild conditions [41] and ZnO microspheres
could be fabricated by the chemical conversion of ZnSe [42]. But its shortage is that the ZnO
nanoparticles obtained often show polydispersity or poor uniformity or aggregations in solution.
To overcome these shortcomings, a thermal decomposition method was developed in order to control
the dispersibility or hinder self-assemble of single nanoparticle in the presence of stabilizer [40,43].
The formation mechanism of ZnO nanocrystals can be monitored by in-situ IR spectra [44,45].
Moreover, the improvement of the dispersibility of ZnO NPs can also be carried out by microemulsion
method [46]. However, in general, thermal decomposition of inorganic zinc salts such as ZnC2O4·2H2O,
Zn5(OH)6(CO3)2, Zn(CH3COO)2·2H2O and Zn3(OH)4(NO3)2 often occurs at a high temperature
(300–600 ◦C) with a long reaction time to generate crystalline ZnO NPs [47,48]. Compared to inorganic
zinc salts, organozinc complexes as a potential candidate can readily decompose at a low temperature.
For the past ten years, some organozinc complexes have been chosen as the zinc source for the
preparation of nanostructured zinc oxide or porous zinc oxide materials. In these complexes, reaction
temperature and the use of different organozinc precursors markedly influenced the quality and
properties of the obtained nanostructured ZnO, such as mono/polydispersibility, nucleation and
growth rate and optical properties. For example, the thermal decomposition of diethylzinc under
O2-rich environment produced würtzite ZnO nanocrystals via hot-injection method in the presence of
trioctylphosphine oxide or alkylamines [49]. The alcoholization of diethylzinc generated zinc alkoxide,
which could be hydrolysed to form crystalline zinc oxide with a particle size of 3–5 nm and the
resulting ZnO particles could further aggregate together to form spherical particles that have a large
surface area and enhanced reactivity [50]. Metal zinc NPs prepared by bis(cyclohexyl) zinc complex in
the presence of different solvents and stabilizers under argon protection were exposed to moisture air
to be slowly oxidized and form size and shape-controlled crystalline ZnO NPs [51,52].

In 1994, the heteroleptic zinc complexes MeZn(OiPr) or MeZn(OtBu) were used as a single
precursor for growth of ZnO film by metal-organic chemical vapour deposition(CVD) [53]. In 2005,
Driess and co-workers further investigated the CVD process of heterocubane precursor [MeZn(OiPr)]4

for the formation of size-selected ZnO NPs and proposed the reaction mechanism of the gas-phase
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decomposition of [MeZn(OiPr)]4 [54,55]. Moreover, the pyrolysis of EtZnOiPr could also form
monodisperse spherical ZnO NPs with an average size of 3.1 ± 0.3 nm in the presence of
trioctylphosphine oxide; the resulting ZnO NPs indicated a blue-shifted phenomenon of excitonic
absorption peak, revealing a quantum confinement effect of nanostructured ZnO [56]. In 2007, Polarz
and co-workers explored in detail the reaction of ZnMe2 with polyethylene glycol in toluene and the
formed [MeZnOPEG400] gels could be used as a ZnO precursor for the preparation of mesoporous ZnO
materials [57]. Except for the above-mentioned, these organozinc complexes—[MeZn(OCH2CH2OMe)]
and RZn(OH)-type such as [tBuZn(μ-OH)]n and its derivatives—could also be converted into ZnO
NPs [58–60]. In addition to these zinc complexes, the directly thermal decomposition of zinc-organic
framework Zn4O(BDC)3 (MOF-5, BDC represents benzene-1,4-dicarboxylate) at above 400 ◦C formed
amorphous carbon-covered ZnO NPs [61]. Decomposition of zinc acetylacetonate in oleylamine
yielded ZnO NPs of 7–10 nm with increasing reaction temperature [62]. Furthermore, the doping or
surface modification of heterometals can also effectively adjust the electrical, optical and magnetic
properties of obtained ZnO materials.

In addition, the photoluminescent property of bulk or nanostructured zinc oxide particles were
also extensively investigated. Especially, zinc oxide materials with different morphologies showed a
variety of optical properties. ZnO nanowires synthesized with a vapour phase transport process via
catalysed epitaxial crystal growth on the substrate indicated a band gap at 377 nm (3.29 eV) [63].
ZnO nanowires prepared by vapour transport had a strong emission at 380 nm (3.26 eV) [64].
ZnO materials with spheres, triangular prisms and rods prepared by thermal decomposition method
displayed various UV emission ranging from 3.19 eV (spheres) to 3.30 eV (triangular prisms), implying
that the band gaps depended on the morphology of nanostructured materials [65]. Hydrothermally
synthesized ZnO nanorods had a UV emission at 390 nm, a broad shoulder (400–425 nm) and weak
peaks at 417, 446 and 465 nm from the photoluminescent spectrum [24]. For ZnO quantum rods,
different photoluminescent properties were also observed due to quantum confinement effects [66].
However, the photoluminescence spectrum of ZnO prepared by physical method such as thermal
evaporation deposition showed different emission at various temperatures, for example, bound exciton
(3.354 eV), free excitons (3.375 and 3.421 eV), the first/second/third longitudinal optical phonon
order replicas (3.315/3.243/3.171 eV) of free exciton (3.375 eV) and donor acceptor pairs (3.188 eV)
at low temperature (6 K), the first longitudinal optical phonon replica (3.315 eV) of free exciton
at room temperature [67]. The photoluminescence characteristics of catalyst free ZnO nanowires at
different temperatures and excitation intensities were explored by Mohanta and Thareja [68]. Moreover,
ZnO NPs in vapour phase showed 42 meV shift in peak position of PL spectrum compared to that
of bulk ZnO [69]. As an extensive research the exciton-exciton scattering in vapour phase ZnO
NPs was also investigated [70]. In addition, CdO-modified ZnO tailored the band gap of ZnO to
achieve luminescence from ultraviolet to the blue and green spectral region [71]. With increasing
Cd concentration in ZnCdO, the band gap gradually decreased due to a larger ionic radius of
Cd2+ [72]. Note that the photoluminescence spectrum of ZnCdO with 50 wt % Cd showed an abnormal
red-blue-redshift with increasing temperature [73]. Based on these investigations, it is easier to find
that the photoluminescent behaviour of nanostructured ZnO materials depends on size, morphology,
surface defect types and doping of surface impurity as well as preparation methods.

In this study, we investigated in detail the thermal decomposition of the in-situ formed zinc
alkoxide, Zn(OR)2 [74] (R = Me, Et, iPr and nBu), which originated from the reaction between
Zn[N(SiMe3)2]2 [75] and alkyl alcohol (MeOH, EtOH, iPrOH and nBuOH) in the presence of
oleylamine, to fabricate the nanostructured ZnO particles and explored the influence of the type
of alkyl alcohol, reaction temperature and the capped-stabilizer on morphology, size, the degree of
crystallinity, spin paramagnetic resonance spectra and optical property of ZnO NPs obtained. As a
comparison, the direct pyrolysis of zinc alkoxide was also investigated in the presence or absence of
high boiling-point solvent oleylamine or a mixture of oleic acid and 1-octadecene.
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2. Results and Discussion

2.1. Structural Characterization of a Series of Nano-Structured Zinc Oxide Particles ZnO-ROH, ZnO-OR and
ZnO-R (R = Me, Et, iPr, nBu, Gc)

Homoleptic organozinc complexes including alkyl zinc (ZnMe2 or Zn(C6H11)2 etc.) and zinc
amide complexes (Zn[NiPr2]2 or Zn[N(SiMe3)2]2 etc.) have been used as a zinc precursor for the
preparation of metal zinc NPs due to low thermodynamic stability of Zn–N and Zn–C bonding [51,52].
But the direct decomposition of these complexes cannot result in the formation of zinc oxide NPs
due to the absence of oxygen source. In present work, ZnO-ROH NPs were prepared via thermal
decomposition of an in-situ formed zinc alkoxide which derived from the reaction of Zn[N(SiMe3)2]2

with alkyl alcohol ROH (R = Me, Et, iPr and nBu) in the presence of high boiling-point solvent
oleylamine. Under an identically synthetic condition, reaction procedure is proposed as follows:

As viewed in Scheme 1, zinc silylamido complex first reacts with alkyl alcohol to form zinc
alkoxide complex and eliminate silylamide ligand [74], follows by in-situ thermal decomposition to
generate ZnO NPs. The thermal decomposition temperature mainly depends on the nature of formed
intermediate zinc alkoxide. Moreover, volatile compositions including by-product and unreacted alkyl
alcohol can be removed completely under vacuum.

 
Scheme 1. Proposed reaction process for the formation of nanostructured ZnO particles using
homoleptic zinc silylamido complex Zn[N(SiMe3)2]2 as a zinc precursor and alkyl alcohol as a reactant
in the presence of high boiling-point solvent as a stabilizer.

2.1.1. Crystalline ZnO-MeOH NPs

According to synthetic procedure (Scheme 1), when methanol was used as a reactant and solvent
in the presence of oleylamine, ZnO-MeOH particles were obtained. The powder X-ray diffraction (PXRD)
pattern of ZnO-MeOH clearly shows several well-resolution diffraction peaks, which can be indexed as
(100), (002), (101), (102), (110), (103) and (112) reflections (Figure 1), revealing a characteristic würtzite
structure of ZnO (a = 3.25 Å, c = 5.21 Å, P63mc, Powder Diffraction File Database (PDF-2), entry: JCPDS
36-1451). For the synthesis of ZnO-MeOH NPs, we observed that the dropwise addition of hexane
solution of Zn[N(SiMe3)2]2 into reaction system quickly formed the sphere-shaped aggregations.
Part of the aggregations was separated, washed several times with methanol under argon protection
and dried under vacuum to get white powder. Elemental analysis confirmed that the white powder
was Zn(OMe)2 (found wt % C: 19.38, H: 4.39, N: 0.09; calcd. C: 18.84, H: 4.74). IR spectrum of white
powder clearly shows characteristic C–O vibration at 1050 cm−1, C–H stretching vibrations in the range
of 2820~2930 cm−1 and bending vibration at 1450 cm−1 from –CH3 group and Zn–O vibration at 482
and 560 cm−1 (Figure S1, Electronic Supplementary Information (ESI)), further verifying the formation
of pure intermediate Zn(OMe)2. It is noted that the sphere-shaped aggregations {Zn(OMe)2}n after
removal of volatile compositions could not effectively disperse in oleylamine solvent even if it was
heated to 240 ◦C. The thermal decomposition of in-situ formed {Zn(OMe)2}n generated ZnO-MeOH

NPs still preserved sphere-like aggregations with average particle size of 234.5 ± 6.1 nm (Figure 2,
left). These agglomerations consist of small nanoparticles with an average particle size of 5.9 ± 0.3 nm
and the lattice fringes are clearly visible with spacing of 0.281 and 0.510 nm and the lattice spacing
of 0.281 nm corresponds to (100) planes of ZnO with P63mc symmetry (Figure 2, right). Moreover,
the visual grain boundaries clearly confirm the connection of small particles each other. In addition,
according to the Scherrer formula, Dhkl = Kλ/(βcosθ), where Dhkl is the mean size of the ordered
crystalline grain size, K is a dimensionless shape factor (0.89), λ is the X-ray wavelength (0.15406 nm),
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β is the full width at half the maximum intensity (in radians), θ is the Bragg angle (in degrees),
the calculated mean particle size of ZnO-MeOH is 4.6 nm from the (100) plane and 4.9 nm from the
(101) reflection plane. These results are in good agreement with the result measured by transmission
electron microscopy (TEM) images. Detailed particle sizes determined by different methods are listed
in Table 1.
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Figure 1. Wide-angle PXRD patterns of as-synthesized ZnO-ROH NPs by using Zn[N(SiMe3)2]2 as a
zinc precursor and alkyl alcohol as a reactant and solvent in the presence of stabilizer.

Table 1. Particle size determined by TEM and XRD data and absorption peak from UV spectra.

Sample Particle Size/nm a Particle Size/nm b Electron g-Factor Absorption Edge/nm

ZnO-MeOH 5.9 ± 0.3 4.55; 4.86 2.00 352
ZnO-EtOH 11.7 ± 0.6 10.7; 10.2 2.02, 2.00, 1.99, 1.96 358
ZnO-iPrOH 7.5 ± 0.2 9.0; 8.3 2.00 356
ZnO-nBuOH - 4.3 2.12, 2.07, 2.00, 1.96 351
ZnO-GcOH - 3.8 - -
ZnO-OMe different sizes 5.3 2.01, 2.00, 1.99 364
ZnO-OEt 5.4 ± 0.1 4.8 2.12~1.90 361
ZnO-OiPr 4.2 ± 0.6 4.8 2.12~1.90 347
ZnO-OnBu 4.5 ± 0.2 5.1 - 346
ZnO-OGc - - 2.00 348
ZnO-Me - 34.1 1.96 373
ZnO-Et - 7.5 1.96 358
ZnO-iPr - 28.4 1.96 365
ZnO-nBu - 5.4 1.96 358
ZnO-Gc - 21.3 2.00, 1.96 373

Note: a Particle size was measured using TEM images; b Particle size was calculated using the Scherrer formula
from (100) diffraction peak of XRD patterns.
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Figure 2. (High-resolution) TEM images of the crystalline ZnO-MeOH NPs with visual lattice fringes
(correspond to crystal planes).

2.1.2. Alkyl Alcohol Effect

When EtOH, iPrOH and nBuOH were respectively used to replace MeOH in the preparation
of ZnO-MeOH, the corresponding nanoscaled ZnO-ROH (R = Et, iPr, nBu) particles were obtained.
All ZnO-ROH NPs have a same crystal structure (space group: P63mc) verified by PXRD patterns
(Figure 1) as that of ZnO-MeOH, but the ZnO-EtOH and ZnO-iPrOH show a relatively narrow and strong
diffraction peaks compared to that of ZnO-MeOH and ZnO-nBuOH, implying that use of different alkyl
alcohols as a reactant and a reaction solvent can effectively influences the crystalline particle size of
zinc oxides obtained and the results show a strong diffraction peak-broadening/weakening effect
with decreased grain size [76]. This phenomenon is probably caused by the change of growth rate
of ZnO particles influencing by decomposition temperature, dispersibility and solubility of formed
intermediate Zn(OR)2 in oleylamine during the thermal decomposition.

Moreover, for ZnO-EtOH NPs, TEM images and the selected area electron diffraction (SAED)
pattern clearly revealed a crystalline structure with P63mc symmetry (Figure 3a,b). For the sphere-like
ZnO-iPrOH and plate-like-aggregated ZnO-nBuOH particles (Figure 3c,e), the lattice fringes can also be
observed (Figure 3d,f), although ZnO-nBuOH has a series of slightly broad and weak diffraction peaks
(similar to that of ZnO-MeOH). The particle size calculated by Scherrer formula is listed in Table 1:
10.7 nm from the (100) plane and 10.2 nm from the (101) reflection, respectively, for the spherical
ZnO-EtOH; 9.0 nm from the (100) plane and 8.3 nm from the (101) reflection plane, respectively,
for sphere-like ZnO-iPrOH; 4.3 nm from (100) plane and 4.0 nm from the (101) reflection plane,
respectively, for ZnO-nBuOH. These results are quite close to corresponding average particle size
measured by TEM images (Table 1, 11.7 ± 0.6 nm for ZnO-EtOH; 7.5 ± 0.2 nm for ZnO-iPrOH; for the
multiply plate-like-aggregated ZnO-nBuOH spheres (Figure 3e), it is very difficult to accurately measure
their particle sizes). Based on these results, it is obvious to observe size-induced the weakening of
diffraction peak intensity and the broadening of diffraction peaks (grain size: ZnO-EtOH > ZnO-iPrOH
> ZnO-MeOH > ZnO-nBuOH) and alkyl alcohol-induced the change of morphologies. As a special
example, when high boiling-point glycerol (GcOH) was used as a reactant, the formed intermediate
zinc glycerolate Zn[OCH2CH(OH)CH2O] [77–79] (monoclinic P21/c, Powder Diffraction File Database
(PDF-2), entry: JCPDS 23-1975) could not be thermally decomposed at 240 ◦C for 2 h under an identical
condition to yield crystalline ZnO-GcOH NPs. However, ZnO-GcOH NPs can be prepared at 320 ◦C for
2 h in the presence of oleic acid and 1-octadecene. Obviously, this thermal decomposition temperature
is markedly less than 400–500 ◦C which has been previously used for the preparation of ZnO NPs
by choosing zinc glycerolate as a molecular precursor [77,79]. Compared to ZnO-ROH (R = Me, Et,
iPr and nBu), several weak diffraction peaks are observed for ZnO-GcOH (Figure 1). The particle size
calculated by Scherrer formula is 3.8 nm from the (100) plane and 3.6 nm from the (101) reflection
plane, respectively.
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Figure 3. (High-resolution) TEM images of crystalline (a,b) ZnO-EtOH and (c,d) ZnO-iPrOH, and SEM
and TEM image of (e,f) ZnO-nBuOH. The inset in (a) is the SAED pattern.

As a comparison, thermal decomposition of intermediate Zn(OiPr)2 forms ZnO NPs composing
of spherical agglomerations of crystallites. This result is quite similar to small-sized ZnO prepared
previously via a hydrolysis of Zn(OiPr)2 [50]. In the present research, it is very difficult to perform the
synthesis of strictly size-controlled and monodisperse ZnO NPs in the presence of stabilizer due to poor
solubility and high concentration of intermediate Zn(OR)2 formed in reaction system. This reaction
system completely differs from that previously reported by Chaudret and co-workers for the synthesis
of size- and shape-controlled crystalline ZnO NPs at room-temperature [51,52].

To further corroborate alkyl alcohol effect, thermal gravimetric analysis of intermediates Zn(OR)2

(R = Me, Et, iPr and nBu) was carried out to monitor their thermal decomposition temperature (TDT).
As viewed in Figure S2 (ESI), the starting TDT markedly depends upon alkoxyl group of Zn(OR)2.
The ordering of decomposition from low to high temperature is Zn(OiPr)2 < Zn(OnBu)2 < Zn(OEt)2

< Zn(OMe)2 < Zn(OGc). High TDT of Zn(OGc) has been reported previously [78]. For complexes
Zn(OMe)2 and Zn(OGc), high TDT should be attributed to the polymeric structure of Zn(OMe)2

and the quite stable chelated structure of Zn(OGc), respectively. This result is in agreement with
the experimental phenomena observed. More important is that high TDT probably influences the
rate of growth of ZnO NPs and thereby results in the formation of different particle sizes and
various morphologies.

Moreover, in order to confirm the formation of intermediate Zn(OR)2 and their compositions
before thermal decomposition, the separated intermediates were dried and characterized by elemental
analysis and IR spectrum. The results show that IR spectra (Figure S1, ESI) and the composition
of the corresponding intermediate are quite similar to that of correspondingly fresh prepared zinc
alkoxide molecule. For example, intermediate Zn(OEt)2, the contents of C, H and N are 30.57, 6.59
and 0.07 wt %, respectively. It is in good agreement with fresh Zn(OEt)2 prepared by the reaction of
Zn[N(SiMe3)2]2 with anhydrous ethyl alcohol in hexane. For the synthesis of ZnO-OR (R = iPr, nBu and
Gc), the contents of C, H and N of intermediate are also in good agreement with the corresponding
organozinc molecular precursor Zn(OR)2 (R = Et, iPr, nBu) and Zn(OGc), demonstrating the formation
of intermediate zinc alkoxide. Note that intermediate did not contain any stabilizer or organic solvent
after washing with the corresponding alkyl alcohol several times and drying.

Furthermore, the chemical composition of as-made ZnO NPs was determined using the solid-state
1H and 13C NMR spectra, elemental analysis and infrared resonance spectra. All crystalline ZnO-ROH

NPs still contain high carbon contents ranging from 6 to 30 wt % (not shown). Due to low resolution
of solid-state 1H NMR spectra, only chemical shifts of hydrogen atoms at δ = 0.6–5.5 ppm attributed
to –CH3, –CH2, –CH=CH– groups from unreacted zinc precursor and stabilizer were observed for
as-made ZnO-ROH (R = Me, Et, iPr and Gc) NPs (Figure 4a). In addition, for ZnO-GcOH NPs, 1H NMR
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spectrum showed a very weak signal at δ = 11 ppm, confirming the presence of –COOH group
from stabilizer oleic acid. However, high-resolution 13C spectra are markedly different (Figure 4b).
For material ZnO-MeOH, solid-state 13C NMR spectrum clearly showed a single characteristic and
strong signal at 56.3 ppm attributed to the undecomposed Zn(OMe)2 precursor but no characteristic
peak of carbon from stabilizer oleylamine was observed. For crystalline ZnO-EtOH and ZnO-iPrOH
NPs, the 13C NMR spectra indicate a series of signals at δ = 169.8 (C=O), 127.6 (CH=CH), 47.6–15.5
(CH2, CH3) and 0.7 ppm (trapped HN(SiMe3)2), revealing the presence of oleylamine stabilizer and
by-products containing carbonyl group and the trapped by-product HN(SiMe3)2 and the absence
of undecomposed zinc alkoxides. The formation of carbonyl group is relevant to intermediate of
thermal decomposition of Zn(OR)2 (R = Et, iPr) [54,80]. Furthermore, the appearance of C–H, C=C
and C=O vibrations in IR spectra also further demonstrate the existence of stabilizer and incompletely
decomposed by-product (such as Zn-carbonyl intermediate) from zinc precursor (Figure S3, ESI).
Similarly, for ZnO-GcOH material, the carbon signals at δ = 65.7 and 72.1 ppm are attributed to the
incompletely decomposed zinc complex Zn[OCH2CH(OH)CH2O]. The characteristic carbon signals at
δ = 184.8 (–CO2H), 139 and 118 (CH=CH2) and 130 (CH=CH) as well as δ = 14–35 ppm (CH3, CH2)
belong to oleic acid and 1-octadecene.
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Figure 4. Solid-state (a) 1H and (b) 13C NMR spectra of as-made ZnO NPs obtained by using different
alkyl alcohols as reactants under an identical condition except for ZnO-GcOH.

Unsurprisingly, all organic composites in as-made ZnO-ROH NPs can be completely removed by
calcinations at 500 ◦C for 4 h. Representative TEM images for the calcined ZnO-ROH (R = Me, Et and
iPr) are shown in Figure 5. A typically spherical morphology was preserved and an average particle
size is 57.7 ± 1.5 nm for calcined ZnO-MeOH, 17.6 ± 0.6 nm for calcined ZnO-EtOH and 12.3 ± 0.4 nm for
calcined ZnO-iPrOH, respectively. Note that particle sizes markedly increased after high-temperature
calcinations due to aggregation and growth of small particles. In addition, high crystalline structures
with grain boundaries can be observed anywhere (Figure 5b,d,f). The selected area electron diffraction
pattern of calcined ZnO-iPrOH NPs reveals a typical würtzite-structured ZnO with P63mc symmetry
(Figure 5e, inset). Furthermore, highly well-resolved diffraction peaks in Figure S4 (ESI) also
confirmed that hexagonal structure of crystalline ZnO-ROH (R= Me, Et, iPr, nBu) were preserved
after high-temperature calcinations but the intensity of diffraction peaks were much higher than the
parent materials, implying that increasing crystalline particle size enhanced the intensity of diffraction
peaks. The crystalline particle size calculated by Scherrer formula is 55.3 nm from the (100) plane for
the spherical ZnO-MeOH, 19.1 nm from the (100) plane for the spherical ZnO-EtOH, 14.6 nm from the
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(100) plane for sphere-like ZnO-iPrOH and 16.3 nm from the (100) plane for ZnO-nBuOH. These results
are in good agreement with data measured by TEM images.

 

Figure 5. TEM images of organic composite-removed crystalline (a,b) ZnO-MeOH, (c,d) ZnO-EtOH and
(e,f) ZnO-iPrOH. The inset in (e) is corresponding SAED pattern.

2.1.3. Zinc Precursor Effect

As above-mentioned, the thermal decomposition of in-situ formed intermediates Zn(OR)2 (R = Me,
Et, iPr and nBu) derived from the reaction of alkyl alcohol with Zn[N(SiMe3)2]2 markedly affect size
and morphology of as-made ZnO-ROH NPs in the presence of oleylamine. In order to corroborate this
hypothesis, the directly thermal decomposition of fresh-prepared zinc precursors Zn(OR)2 (R = Me,
Et, iPr and nBu) was performed in the presence of oleylamine to fabricate corresponding ZnO-OR

(R = Me, Et, iPr and nBu) NPs. The high crystalline würtzite-structure ZnO with P63mc symmetry was
corroborated by PXRD patterns (Figure 6), indicative of same structure as ZnO-ROH NPs prepared by
using thermal decomposition of in-situ formed zinc alkoxide. But TEM analyses confirm that particle
size and morphology of ZnO-OR NPs are quite different compared to corresponding ZnO-ROH materials.
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Figure 6. Wide-angle PXRD patterns of as-made ZnO-OR NPs derived from directly thermal
decomposition of fresh-prepared Zn(OR)2 (R = Me, Et, iPr and nBu) in the presence of oleylamine at
240 ◦C for 2 h.
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As viewed in Figure 7, all ZnO-OR NPs with sphere-like or cuboid-like morphology show different
sizes. Obviously, ZnO-OMe particles are composed of hollow spheres with average diameter of
113.8 ± 12.2 nm and cuboid-like particles with different sizes in length and width (Figure 7a) to compare
with that of ZnO-MeOH (Figure 2). In fact, hollow spheres consist of very small particles (Table 1,
the calculated particle size is 5.3 nm from the (100) reflection of XRD pattern). A representatively
characteristic TEM image of ZnO-OMe nanocrystals is shown in Figure 7b, revealing a typical crystalline
structure. As viewed in Table 1, for crystalline ZnO-OEt nanocrystals, the average particle size
measured by TEM image is 5.4 ± 0.1 nm (Figure 7c,d). This result is close to 4.8 nm calculated
by the Scherrer formula. For ZnO-OiPr, the average size of spherical aggregation is 56.2 ± 1.8 nm
(Figure 7e). These aggregations consist of crystalline nanoparticle with an average size of 4.2 ± 0.6 nm
(Figure 7f, particle size calculated by the Scherrer formula is 4.8 nm from the (100) plane). For ZnO-OnBu

NPs, the average particle size is 4.5 ± 0.2 nm and the lattice fringes can be observed (Figure 7g,h).
Moreover, for ZnO-OMe and ZnO-OiPr NPs, the shapes observed by SEM images (Figure 8a,b) are in
accordance with that of TEM images observed under a low magnification.

 

Figure 7. TEM images of ZnO-OR NPs, for (a,b) ZnO-OMe, (c,d) ZnO-OEt, (e,f) ZnO-OiPr and (g,h) ZnO-OnBu.

 

Figure 8. The representative SEM images of obtained ZnO NPs by the directly thermal decomposition
and calcinations of Zn(OMe)2 and Zn(OiPr)2; (a) ZnO-OMe; (b) ZnO-OiPr; (c) ZnO-Me; and (d) ZnO-iPr.

On the basis of above-mentioned characterizations, we found that use of two different
approaches based on thermal decomposition of in-situ-synthesized zinc alkoxides and directly thermal
decomposition of fresh-prepared zinc alkoxides under an identical condition led to different results
for preparing ZnO nanocrystals. With increasing carbon chain, the results trend to identical, such as
ZnO-nBuOH and ZnO-OnBu. For ZnO-ROH (R = Et, iPr, nBu) series, the calculated and measured average
particle sizes are uniform and gradually decrease with increasing carbon atoms of alkoxyl group but
ZnO-MeOH makes an exception. For ZnO-OR (R = Me, Et, iPr, nBu) series, no remarkable tendency
is observed on the change of particle size and shape. For ZnO-MeOH and ZnO-OMe, and ZnO-iPrOH
and ZnO-OiPr, two approaches indicate a completely opposite phenomenon on the size of spherical
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aggregations. These differences can be contributed to two causes, one is that the in-situ formed zinc
alkoxide can better disperse in oleylamine solvent except for {Zn(OMe)2}n and the fresh-prepared zinc
alkoxides cannot better disperse in oleylamine solvent. Second is the change of different TDT-induced
growth rate of zinc oxide from zinc alkoxides. Synergism of two aspects affects particle sizes and
morphologies of as-made ZnO NPs. For example, Zn(OMe)2 showed a complicatedly thermal
decomposition steps that thereby induced the formation of particles with different growth rate and
aggregated together with different shapes and poor dispersion in oleylamine also enabled them to
readily form aggregations.

As a comparison, the direct calcination of Zn(OR)2 (R = Me, Et, iPr, nBu and Gc) at 500 ◦C for 4 h
generated ZnO-R NPs showed crystalline ZnO structures with 3D hexagonal symmetry, which were
confirmed by PXRD analysis (Figure 9) and TEM images (Figure S5, ESI). The results reveal that the
high-temperature calcination is obviously beneficial to the formation of crystalline ZnO NPs with
the large particle size. According to Scherrer formula, the calculated particle size is 34.1 nm for
ZnO-Me, 7.5 nm for ZnO-Et, 28.4 nm for ZnO-iPr, 5.4 nm for ZnO-nBu and 21.3 nm for ZnO-Gc from
the (100) plane of XRD patterns (Table 1). Moreover, as a representative comparison, SEM images
(Figure 8) between ZnO-OMe and ZnO-Me and ZnO-OiPr and ZnO-iPr displayed various morphologies
for ZnO-R series. As viewed in Figure 8, large particles of ZnO-Me are composed of unnumbered small
spherical particles. This result is quite similar to that of as-made ZnO-MeOH NPs, indirect indicating
poor dispersibility of precursor [Zn(OMe)2]n in solvents. Hence, three different approaches in the
present study were used to prepare ZnO NPs, clearly revealing that their morphologies, crystalline
particle sizes and the aggregation behaviour strongly depend on the zinc precursors and synthetic
methods. These investigations are in agreement with the results reported previously [37]. Thermal
decomposition and CVD method often lead to the formation of aggregation of ZnO with various
particle sizes and with or without regular shapes from different organozinc precursors [34,54,59,60,81].

90 1008060504020
2 θ (°)

ZnO-Me

30 70

In
te

ns
ity

 (a
. u

.)

as-made ZnO
P63mc

ZnO-Et

ZnO-nBu

ZnO-iPr

ZnO-Gc

Figure 9. PXRD patterns of ZnO-R NPs obtained by the direct calcinations of precursors Zn(OR)2

(R = Me, Et, iPr, nBu and Gc) at 500 ◦C for 4 h.

2.2. Electron Paramagnetic Resonance (EPR) Spectra of a Series of Nano-Structured Zinc Oxide Particles
ZnO-ROH, ZnO-OR and ZnO-R (R = Me, Et, iPr, nBu, Gc)

Different synthesis methods and various zinc precursors often induce the change of physical and
chemical properties of obtained nanostructured materials due to different defects. In general, for ZnO
NPs, the types of defect centres include zinc vacancies (VZn, VZn

+, VZn
2+), zinc on interstitial sites
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(Zni, Zni
+, Zni

2+), oxygen vacancies (VO, VO
−, VO

2−, VO
+, VO

2+) and oxygen on interstitial sites (Oi,
Oi

−, Oi
2−). In these intrinsic defect centres only VZn, VZn

+, Zni
+, Oi, Oi

−, VO, VO
−, VO

2− and VO
+

defect centres can be monitored by EPR spectra [82], especially, oxygen vacancies [80,81,83–88]. Hence,
the EPR investigation of pure ZnO materials are not surprising. Herein, as a standard field marker,
polycrystalline DPPH with electron spin g-factor (g = 2.0036) was used for the exact determination of the
magnetic field offset. For ZnO materials, the previous reports have discussed in detail on that different
defects generated the appearance of different signals at g = 1.96 and 2.00 in EPR spectra, although these
assignments of the EPR signals have caused much controversy [80,81,89,90]. At present, the low-field
signal at g = 2.00 is often assigned to an unpaired electron on an oxygen vacancy site [81,90,91] and
high-field signal with g = 1.96 is either attributed to shallow donor centres such as ionized impurity
atoms in the crystal lattices of ZnO [91–98], or to unpaired electrons on oxygen vacancies in some
cases. When tetrameric methylzinc tert-butoxide [MeZnOtBu]4 or [MeZnOiPr]4 complex was used
as a molecular precursor to prepare ZnO NPs, Driess and co-workers emphasized that EPR signals
with g ~ 2.000 and 1.96 were attributed to oxygen vacancies with a single trapped electron (VO

+)
and impurity atoms in the ZnO lattices, respectively [80,81]. It is worth noting that with increasing
calcination temperature EPR signal with g ~ 2.000 decreased until completely disappeared.

In the present study, the X-band EPR properties of ZnO NPs prepared by three different
approaches are investigated and their spectra are shown in Figure 10. All electron spin g-factors
of all ZnO particles are listed in Table 1. For ZnO-ROH series, EPR spectra of ZnO-MeOH and ZnO-iPrOH
NPs only show a signal with an electron spin g-factor around 2.00, suggesting an unpaired electron
trapped on an oxygen vacancy site [80,81,90]. However, a series of weak or strong signals at g = 2.02,
2.00, 1.99 and 1.96 for ZnO-EtOH and at g = 2.12, 2.07, 2.03, 2.00, 1.98, 1.96 and 1.94 for ZnO-nBuOH

NPs, are identified, respectively, revealing the co-existence of unpaired electrons on oxygen vacancies
and impurity atoms in the ZnO lattices (Figure 10a). This phenomenon has been reported by Driess
and co-workers due to oxygen vacancies and the type and concentration of impurity heteroatoms
trapped in the ZnO lattices during the growth of ZnO particles [81]. In fact, the above-mentioned
13C NMR spectra have clearly confirmed doping of impurity heteroatoms in ZnO in our ZnO NPs.
Additionally, note that when the fresh-prepared Zn(OR)3 (R = Me, Et and iPr) was used as the zinc
precursor and other conditions are identical for the fabrication of ZnO-OR NPs, the X-band EPR spectra
clearly verified the formation of different defect centres with g-factors of 2.01, 2.00, 1.99 for ZnO-OMe,
of the ranging from 2.12 to 1.90 for ZnO-OR (R = Et, iPr), respectively. Weak or strong EPR signals
revealed the ratio of predominant and secondary defect centres (Figure 10b) and their relevance to use
of organozinc molecular precursor, for example, starting precursor or intermediate is Zn(OMe)2, no
EPR signal with g ~ 1.96 appeared, if with Zn(OEt)2 two signals with g ~ 2.00 and 1.96 appeared in
EPR spectra.
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Figure 10. Room temperature EPR spectra of ZnO NPs derived from different synthetic approaches,
for (a) ZnO-ROH; (b) ZnO-OR; and (c) ZnO-R (R = Me, Et, iPr, nBu and Gc).
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As a comparison, a series of ZnO-R materials prepared by the direct calcination of Zn(OR)3

(R = Me, Et, iPr and nBu) at 500 ◦C for 4 h only exhibited one signal with g-factor of 1.96 in X-band
EPR spectra (Figure 10c), except ZnO-GC that indicated two signals with g-factor of 2.00 and 1.96.
The previous researches have carefully investigated the case of the appearance of the EPR signals with
g = 2.00 and 1.96 in ZnO nanocrystals. The former is attributed to surface defects (a singly ionized
Zn vacancy or an unpaired electron trapped in an oxygen vacancy site or stable O2− vacancy) due
to the formation of core-shell structured ZnO nanocrystals during the milling process [82,88] but
this attribution is still controversial and the latter is assigned to a singly ionized oxygen vacancy
(VO

+) which has been confirmed by UV-light irradiation that produced an enhanced EPR signal at
g = 1.96 [99] or is relevant to oxygen vacancy concentration or impurity atoms effect [81,86]. In some
cases, low-field paramagnetic signal (g = 2.00) in ZnO materials can also be attributed to oxygen
vacancies with a single trapped electron (VO

+) [81]. Moreover, ZnO materials maybe have interstitial
zinc, VO

−, VZn and Oi defects but VZn and Oi-type defect are thermodynamically stable in the ZnO
crystal lattices at higher oxygen partial pressure. In our ZnO NPs, no clear core-shell structure is
observed and no special controlled condition except argon environment was performed during the
preparation of ZnO NPs, hence we suggest that EPR signal at g = 1.96 is related to oxygen vacancy and
impurity atoms (C, Si or N) in the ZnO lattices. Note that the calcinations of ZnO-R (R = Me, Et, iPr,
nBu) at 500 ◦C for 4 h formed ZnO particles did not show EPR signal at g = 2.00. This result is in better
agreement with that the signal at g = 2.00 appears only at lower temperatures [81]. But the EPR spectra
of ZnO-GC NPs indicates two signals at g = 2.00 and 1.96, clearly confirming that the types of defects
are probably influenced by the coordination modes and the structure of coordination ligand of zinc
precursor during calcinations. On the basis of above-mentioned discussions, the formation of defect
centres or defect chemistry in ZnO NPs depends not only on the use of the original alkyl alcohols
but also on the synthesis conditions [37,100,101]. Physical-chemical property of materials reflects the
alteration of structure of materials in composition and defect chemistry.

2.3. Optical Properties of a Series of Nano-Structured Zinc Oxide Particles ZnO-ROH, ZnO-OR and ZnO-R
(R = Me, Et, iPr, nBu, Gc)

2.3.1. UV-Vis Spectra

For a series of ZnO NPs, size-dependent ultraviolet-visible (UV-Vis) absorption spectra are shown
in Figure 11. The band centred at 352, 358, 356 and 351 nm for nanostructured ZnO-MeOH, ZnO-EtOH,
ZnO-iPrOH and ZnO-nBuOH were respectively observed, indicating the occurrence of blue shift in the
ZnO-ROH NPs (Figure 11a) compared to bulk ZnO (380 nm) due to size quantization effect caused
by the confinement of the movement of electrons [102]. As listed in Table 1, position of band from
UV-Vis absorption spectra indirectly reflects particle sizes of ZnO NPs. The results are in agreement
with particle sizes measured by TEM microscopy and calculated by Scherrer formula (ZnO-EtOH >
ZnO-iPrOH > ZnO-MeOH > ZnO-nBuOH). Similar blue shift phenomena were also observed for ZnO-OR

and ZnO-R (R = Me, Et, iPr, nBu and Gc) (Figure 11b,c) but UV-Vis adsorption spectra of ZnO-Me,
ZnO-iPr and ZnO-Gc are very similar to that of bulk ZnO due to large particles under high temperature
condition. It is worth noting that the occurrence of blue shift depends on not only synthesis approaches
but also nature and structure of precursors in the present reaction system.
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Figure 11. Size-dependent UV-Vis absorption spectra of (a) ZnO-ROH; (b) ZnO-OR; and (c) ZnO-R

(R = Me, Et, iPr, nBu and Gc) NPs.

2.3.2. Photoluminescence (PL) Property

To further characterize the optical natures of a series of ZnO-ROH, ZnO-OR and ZnO-R (R = Me,
Et, iPr, nBu and Gc) NPs, photoluminescent spectra were recorded (Figure 12). All ZnO NPs clearly
show a strong peak nearly at 394 nm (3.14 eV) with excitation wavelength of 290 nm. Note that owing
to use of different organozinc precursors, PL spectra of ZnO-ROH (Figure 12a) and ZnO-OR (R = Me, Et,
iPr and nBu) NPs (Figure 12b) also show a shoulder peak at about 378 nm (3.28 eV) and the intensity
of shoulder peak almost keeps same for the ZnO-ROH (R = Me, Et) NPs, generally increases for the
ZnO-ROH (R = iPr, nBu) and ZnO-OR (R = Me, Et, iPr and nBu) NPs. After carefully checked our
experimental data and compared with those previously reported spectra [103–106], we concluded
that the PL peaks in the UV range from 370 to 400 nm are due to near band gap emissions and can
be considered as exciton in origin, although it is slightly less than 3.37 eV at room temperature [1,2].
In general, the band gap emission at room temperature is dominated by phonon replica of free
exciton due to strong exciton-phonon coupling [1,2,67]. This phenomenon was also observed in our
experiments. As an example, the spectral analyses of a series of ZnO-ROH (R = Me, Et, iPr and nBu) NPs
are shown in Figure 13. After fitting the PL spectra in the range from 2.9 to 3.5 eV, we find three peaks
located at 3.139 eV (394 nm), 3.211 eV (386 nm) and 3.283 eV (378 nm). The energy difference of these
peaks is about 72 meV, which corresponds to the longitudinal optical (LO) phonon energy in ZnO.
Therefore, we can assign the peak at 3.283, 3.211 and 3.139 eV as the free exciton (FX) emission, the first
order phono-assisted emission (free exciton-1 LO, FX-1LO) and the second order phono-assisted
emission (free exciton-2 LO, FX-2LO), respectively. As shown in Figure 13b,c, for different ZnO NPs,
the intensity ratio of these contributions is different.
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Figure 12. Photoluminescence spectra of (a) ZnO-ROH; (b) ZnO-OR; and (c) ZnO-R (R = Me, Et, iPr, nBu
and Gc) NPs derived from different synthetic approaches.
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Figure 13. (a) PL spectra of ZnO-ROH (R = Me, Et, iPr and nBu) NPs in the UV range; (b,c) spectral
fitting of the peaks for ZnO-iPrOH and ZnO-MeOH, respectively.

Indeed, the observed PL peaks show less photon energy compared to the bandgap of the bulk
ZnO. The PL of ZnO nanostructures previously reported at room temperature showed that near
band gap emission was much less energy than the band gap (3.37 eV) of bulk ZnO. For instance,
Wang and co-workers early reported that the ultrathin ZnO nanobelts (6 nm) exhibited a near band
edge emission at 373 nm (3.32 eV) [107], while the normal ZnO nanobelts showed a peak at 387 nm
(3.2 eV). In addition, one review paper also elucidated the PL of ZnO nanostructures varying from 372
to 390 with different shapes [2]. These below the bulk band gap (3.37 eV) of ZnO are probably caused
by different morphologies [65], surface defects and impurity [108], as well as size effect [109], which can
affect the near band edge emission. Hence the red shift of the near band edge emission of ZnO NPs in
the present study can be attributed to the influences of these factors, such as ZnO-ROH, ZnO-OR and
ZnO-R series prepared by using zinc precursors with increasing carbon chain length of alkoxyl groups,
possessing different defects caused by the preparation process. These results are probably related to
that the presence of stabilizer and the incomplete decomposition of zinc alkoxides led to the doping of
impurity into the ZnO lattices and surface defects (Figure 4). Based on the above-mentioned analysis
of the alteration of the origin of the UV peak in these nanocrystalline ZnO particles, the change of
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near band gap emission can be readily understood by free excitonic or defect-related emission, surface
impurity and defects depending on the synthesis method [5,64–66]. When chelated zinc glycerate
was used as the zinc precursor, the obtained ZnO-OGc NPs showed a strong photoluminscent peak at
378 nm and a broad peak centred at 450 nm (Figure 12b) and the peak at 450 nm is unclear. However,
besides the fundamental ZnO emission, some weak or strong peaks with subgap energies at 550 nm
(2.25 eV, “green” luminescence) [110] and 600 nm (2.06 eV) are detected in the photoluminescent
spectra (Figure 12), especially, for ZnO-ROH and ZnO-OR (R = Me, iPr) and ZnO-R (R = iPr, nBu)
NPs. The luminescent peaks can be attributed to oxygen vacancies at 550 nm and surface interstitial
oxygen at about 600 nm [87]. This result is in good agreement with the energy level of oxygen
vacancies calculated by Fu and co-workers [111]. Based on above-mentioned analysis, the intensity
of luminescent peaks of ZnO NPs mainly depends on the ratio or concentration of predominant and
secondary defect centres, such as zinc on interstitial sites (Zni), oxygen vacancies, oxygen on interstitial
sites (Oi) and impurity heteroatoms. In fact, the formation of these defect centres are often affected by
zinc precursor used, the presence of stabilizer and synthesis conditions [81,86,100,101].

Based on above-mentioned EPR investigations and PL spectra, we try to explain the relationship
between EPR signals (g = 2.00, 1.96) and photoluminescence spectra of ZnO (λ = 378, 550, 600 nm)
by having obtained luminescence property. In general, the types of defects or vacancies in a material
often influence the emission spectrum of material. However, for the present ZnO NPs, we find that it
is difficult to establish a direct relation between EPR signals and luminescence behaviour, for example,
ZnO-MeOH NPs showed a strong EPR signal at g = 2.00 which designed to an unpaired electron
trapped on an oxygen vacancy site but PL spectrum did not show any strong photo-luminescent
peak at λ = 550 nm as “green” luminescence, ZnO-EtOH NPs showed two EPR signals at g = 2.00
and 1.96 but its luminescence behaviour is quite similar to that of ZnO-MeOH. Note that ZnO-iPrOH
and ZnO-nBuOH NPs showed a completely different surface defect type (oxygen vacancy (g = 2.00)
and doping of impurity or surface interstitial oxygen (g = 1.96), Figure 10) but they showed a quite
similar photoluminescence property reflected by “green” luminescence peak at λ = 550 nm and
impurity-doping or surface interstitial oxygen-induced luminescence peak at λ = 600 nm from the PL
spectrum (Figure 12). For ZnO-OR and ZnO-R series, a similar situation are also observed (Figure 12).
These results confirm that for our ZnO NPs no unified regulation can be found between EPR signals
and photoluminescence behaviours. Hence, we think that these results clearly reveal the complication
of defect chemistry and photoluminescence properties. In fact, our study is in good accordance with
results previously reported [81,86,88].

3. Materials and Methods

3.1. General Consideration

For synthesis of organozinc compounds, all operations were performed with rigorous exclusion of
air and moisture, using glovebox techniques (MB Braun MB150B-G-II; <1 ppm O2, <1 ppm H2O, argon)
or the standard Schlenk technique. Anhydrous methanol (99.8%), anhydrous isopropanol (99.5%)
and oleylamine (tech. 70%) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as
received. Absolute ethanol (99.5%, Sigma-Aldrich, St. Louis, MO, USA) and anhydrous n-butanol
(99.8%, Sigma-Aldrich, St. Louis, MO, USA) were used after drying with 5 Å molecular sieves and
distillation. Glycerol (ACS reagent, ≥99.5%, Sigma-Aldrich, St. Louis, MO, USA) was used after drying
with 5 Å molecular sieves. Hexane solvent was purified by using Grubbs columns (MBraun SPS,
solvent purification system) before using. Zn[N(SiMe3)2]2 were synthesized according to previously
reported method with slight modification [75]. Zn(OR)2 (R = Me, Et, iPr and nBu) was prepared by the
reaction of one mole of Zn[N(SiMe3)2]2 and two moles of alkyl alcohol in hexane [74].
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3.2. Synthesis of Crystalline Zinc Oxide NPs

3.2.1. The Preparation of ZnO-ROH (R = Me, Et, iPr, nBu, Gc) Nanoparticles

ZnO nanoparticles were synthesized by thermal decomposition method. The typical preparation
procedure is presented as follows. Synthesis of spherical crystalline ZnO-MeOH nanoparticles:
Oleylamine (4 mL) was added into a two-neck flask and degassed at 100 ◦C for 30 min, followed by
the filling of argon. 4 mL of anhydrous methanol was then added under argon protection. After being
stirred for 10 min, the solution of Zn[N(SiMe3)2]2 (3.00 g) in 12 mL of hexane was added dropwise by
syringe rejection under vigorous stirring. White flocculent turbidity formed slowly. The following
the mixture was refluxed at 100 ◦C for 1.5 h and then naturally cooled down to room temperature.
The volatile matters were removed under vacuum and the final suspension was heated at a rate of
5 ◦C per minute to 240 ◦C and kept this temperature for 2 h. The resulting suspension was cooled
down to room temperature, then 10 mL of methanol was added and stirred for several minutes. White
precipitate was collected by centrifugation at a rate of 6000 rotations per minute for 10 min and washed
twice with 5 mL of hexane. The precipitate was then dispersed in hexane. Part of separated precipitates
was dried at 100 ◦C and used for analysis, denoted as ZnO-MeOH.

Similarly, for materials ZnO-EtOH, ZnO-iPrOH and ZnO-nBuOH, the detailed synthesis procedures
are completely similar to that of ZnO-MeOH, except that different alkyl alcohol was used as a reaction
solvent. But for the preparation of ZnO-GcOH (GcOH = glycyl alcohol), the mixture of 1-octadecene
and oleic acid was used as a mixed solvent, the decomposition temperature was 320 ◦C and other
conditions are identical.

3.2.2. The Preparation of ZnO-OR (R = Me, Et, iPr, nBu, Gc) Nanoparticles

The fresh-prepared Zn(OR)2 (R = Me, Et, iPr and nBu) was respectively used as a zinc molecular
precursor and oleylamine was used as a reaction solvent. Reaction temperature and time are same
as the preparation of ZnO-MeOH NPs. The obtained ZnO material was denoted as ZnO-OR. For the
ZnO-OGC preparation, the mixed oleic acid and 1-octadecene was used as a high boiling-point solvent
and heating temperature was 320 ◦C for 2 h.

3.2.3. The Preparation of ZnO-R (R = Me, Et, iPr, nBu, Gc) Nanoparticles

As a comparison, a series of zinc oxide materials denoted as ZnO-R (R = Me, Et, iPr, nBu and
Gc) were obtained by the direct calcination of fresh-prepared Zn(OR)2 (R = Me, Et, iPr, nBu and Gc)
at 500 ◦C for 4 h (Temperature-controlled programme: (i) from room temperature to 500 ◦C with a
heating rate of 5 ◦C per minute; (ii) 500 ◦C, 4 h; (iii) naturally cool down to room temperature).

3.3. Characterization

Powder X-ray diffraction (PXRD) analysis of the as-synthesized and stabilizer-free ZnO
nanostructured materials were recorded on a Bruker Advance D8 instrument in the step/scan mode
using monochromatic CuKα radiation (λ = 1.5406 Å). The wide-angle diffractograms were collected
in the 2θ range of 10–100 ◦C with a scanspeed of 5. The crystallite size of the NPs is evaluated from
X-ray powder diffraction data using Scherrer formula Dhkl = Kλ/(βcosθ), where Dhkl is the mean
size of the ordered crystalline grain size, K is a dimensionless shape factor (0.89), λ is the X-ray
wavelength of the Cu target (0.15406 nm), β is the full width at half the maximum (FWHM) intensity
(in radians), θ is the Bragg angle (in degrees). Transmission electron microscopy (TEM) images
were obtained on a JEOL JEM2100 microscopy (Akishima, Tokyo, Japan) with an operating voltage
of 160 kV. For TEM measurement, a drop of fine powdery material suspended in ethanol (99.9%)
under the ultrasonic vibration was loaded onto a holey carbon film on a square 400 mesh copper
3.05 mm grid. Scanning electron microscopy (SEM) images were recorded on a JEOL JSM-5900LV
microscope (JEOL Ltd., Tokyo, Japan) accompanying with EDX system operated at an accelerating
voltage of 15 kV. All SEM images reported here are representative of the corresponding materials.
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Diffuse Reflectance Infrared Fourier-Transform (DRIFT) spectra of ZnO nanostructured materials
were recorded on a Thermo Scientific Nicolet 6700 FTIR spectrometer (Waltham, MA, USA) with
KBr reference (256 scans, a resolution of 4 cm−1) in the range of 4000–400 cm−1. 1H and 13C CP
MAS NMR spectra were obtained at room temperature on a Bruker DSX 200 instrument (Billerica,
MA, USA) equipped with magic angle spinning (MAS) hardware and using ZrO2 rotor with an
inside diameter of 3 mm. Adamantine was used as a reference (1H: 1.76 and 1.87 ppm; 13C: 28.46
and 37.85 ppm). Ultraviolet-visible (UV-Vis) absorption spectra were taken by using a Perkin Elmer
Lambda 35 spectrometer (Waltham, MA, USA). Photoluminescence (PL) studies were conducted using
a Varian Cary Eclipse fluorescence spectrophotometer (Palo Alto, CA, USA) with a Xe lamp at room
temperature with excitation wavelength of 290 nm. X-band (10 GHz) electron paramagnetic resonance
(EPR) spectra were obtained on a Bruker ESR 300E spectrometer (Billerica, MA, USA) at ambient
temperature. The magnetic field was determined using a nuclear magnetic resonance gaussmeter
(Villebon-Sur-Yvette, France). As a standard field marker, polycrystalline DPPH with electron spin
g-factor (g = 2.0036) was used for the exact determination of the magnetic field offset. Elemental
analyses of C, H and N were performed on an Elementar Vario EL III (Langenselbold, Germany).
Thermogravimetric analyses (TGA) were obtained on a Netzsch STA 449F3 instrument (Selb, Germany)
equipped with a quartz crucible at a heating rate of 2 K min−1 under Ar/O2/Ar atmosphere.

4. Conclusions

Crystalline ZnO nanoparticles have been successfully synthesized by using three different
approaches—thermal decomposition of in-situ formed zinc alkoxide from the reaction of
Zn[N(SiMe3)2]2 and various alkyl alcohol, thermal decomposition of fresh-prepared Zn(OR)2 (R = Me,
Et, iPr, nBu, Gc) in the presence of stabilizer and the direct calcination of Zn(OR)2 (R = Me, Et, iPr,
nBu, Gc) at 500 ◦C. The alteration of morphology, crystalline particle sizes, aggregation behaviour and
defect chemistry of obtained ZnO NPs depend on not only organozinc precursor but also on synthesis
condition. The change of adsorption peaks in UV-Vis spectra demonstrated particle size effect. Various
EPR and photoluminescent spectra confirmed defect behaviour of zinc or oxygen vacancies or impurity
heteroatoms in crystalline ZnO NPs. These results demonstrated the relationship between structure
and property and the complication of the formation of defect chemistry and photoluminescence
behaviour in ZnO NPs.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/1/22/s1,
Figure S1: DRIFT spectra of the separated and dried intermediate zinc alkoxides before thermal decomposition,
Figure S2: Thermogravimetric analysis curve of zinc alkoxides, Zn(OR)2 (R = Me, Et, iPr and nBu), Figure S3:
DRIFT spectra of as-made ZnO-MeOH, ZnO-EtOH, ZnO-iPrOH, ZnO-BuOH and ZnO-GCOH NPs (Left) and zinc
alkoxides (Right), Figure S4: PXRD patterns of calcined ZnO-ROH (R = Me, Et, iPr and nBu), Figure S5:
High-resolution TEM images of the crystalline ZnO-Me (Left) and ZnO-iPr (Right) NPs obtained by direct
calcinations of Zn(OMe)2 and Zn(OiPr)2.

Acknowledgments: Yucang Liang is grateful to Reiner Anwander for normal financial support and to the
University of Tübingen for funding within the excellent EXPAND program as well as Markus Ströbele for
measuring TGA, Paul Schuler for recording the EPR spectra and Kristina Strohmaier for measuring the solid-state
NMR spectra. Feng Fu gratefully acknowledges the support of the National Natural Science Foundation of China
(No. 21663030).

Author Contributions: Yucang Liang conceived, designed and performed the experiments and characterization
of materials, analysed the data and wrote the paper; Susanne Wicker performed part of the experiments and
collected data; Xiao Wang completed the spectral fitting analysis; Egil Severin Erichsen performed TEM and
SEM measurements; and Feng Fu designed part of experiments, analysed the data and discussed in detail about
organizing the paper.

Conflicts of Interest: The authors declare no conflict of interest.

205



Nanomaterials 2018, 8, 22

References

1. Comini, E.; Sberveglieri, G. Metal Oxides Nanowires as Chemical Sensors. Mater. Today 2014, 13, 36–44.
[CrossRef]

2. Wu, W.-Q.; Chen, D.; Caruso, R.A.; Cheng, Y.-B. Recent Progress in Hybrid Perovskite Solar Cells Based on
n-Type Materials. J. Mater. Chem. A 2017, 5, 10092–10109. [CrossRef]

3. Xue, N.; Zhang, Q.; Zhang, S.; Zong, P.; Yang, F. Highly Sensitive and Selective Hydrogen Gas Sensor Using
the Mesoporous SnO2 Modified Layers. Sensors 2017, 17, 2351. [CrossRef] [PubMed]

4. Cheng, L.; Ma, S.Y.; Li, X.B.; Luo, J.; Li, W.Q.; Li, F.M.; Mao, Y.Z.; Wang, T.T.; Li, Y.F. Highly Sensitive
Acetone Sensors Based on Y-Doped SnO2 Prismatic Hollow Nanofibers Synthesized by Electrospinning.
Sens. Actuators B Chem. 2014, 200, 181–190. [CrossRef]

5. Zhai, T.; Li, L.; Wang, X.; Fang, X.; Bando, Y.; Golberg, D. Recent Developments in One-Dimensional Inorganic
Nanostructures for Photodetectors. Adv. Funct. Mater. 2010, 20, 4233–4248. [CrossRef]

6. Yoshida, T.; Zhang, J.; Komatsu, D.; Sawatani, S.; Minoura, H.; Pauporté, T.; Lincot, D.; Oekermann, T.;
Schlettwein, D.; Tada, H.; et al. Electrodeposition of Inorganic/Organic Hybrid Thin Films. Adv. Funct. Mater.
2009, 19, 17–43. [CrossRef]

7. Nikoobakht, B.; Wang, X.; Herzing, A.; Shi, J. Scalable Synthesis and Ddevice Integration of Self-Registered
One-Dimensional Zinc Oxide Nanostructures and Related Materials. Chem. Soc. Rev. 2013, 42, 342–365.
[CrossRef] [PubMed]

8. Lee, J.; Zhang, S.; Sun, S. High-Temperature Solution-Phase Syntheses of Metal-Oxide Nanocrystals.
Chem. Mater. 2013, 25, 1293–1304. [CrossRef]

9. Bonomo, M.; Naponiello, G.; Venditti, I.; Zardetto, V.; Carlo, A.D.; Dini, D. Electrochemical and
Photoelectrochemical Properties of Screen-Printed Nickel Oxide Thin Films Obtained from Precursor Pastes
with Different Compositions. J. Electrochem. Soc. 2017, 164, H137–H147. [CrossRef]

10. Naponiello, G.; Venditti, I.; Zardetto, V.; Saccone, D.; Carlo, A.D.; Fratoddi, I.; Barolo, C.; Dini, D.
Photoelectrochemical Characterization of Squaraine-Sensitized Nickel Oxide Cathodes Deposited via
Screen-Printing for p-Type Dye-Sensitized Solar Cells. Appl. Surf. Sci. 2015, 356, 911–920. [CrossRef]

11. Lu, L.T.; Dung, N.T.; Tung, L.D.; Thanh, C.T.; Quy, O.K.; Chuc, N.V.; Maenosono, S.; Thanh, N.T.K. Synthesis
of Magnetic Cobalt Ferrite Nanoparticles with Controlled Morphology, Monodispersity and Composition:
the Influence of Solvent, Surfactant, Reductant and Synthetic Conditions. Nanoscale 2015, 7, 19596–19610.
[CrossRef] [PubMed]

12. Li, L.; Zhai, T.; Bando, Y.; Golberg, D. Recent Progress of One-Dimensional ZnO Nanostructures Solar Cells.
Nano Energy 2012, 1, 91–96. [CrossRef]

13. Venditti, I.; Barbero, N.; Russo, M.V.; Carlo, A.D.; Decker, F.; Fratoddi, I.; Barolo, C.; Dini, D. Electrodeposited
ZnO with Squaraine Sentisizers as Photoactive Anode of DSCs. Mater. Res. Express 2014, 1, 015040. [CrossRef]

14. Wang, X. Piezoelectric Nanogenerators—Harvesting Ambient Mechanical Energy at the Nanometer Scale.
Nano Energy 2012, 1, 13–24. [CrossRef]

15. Briscoe, J.; Dunnn, S. Piezoelectric Nanogenerators—A Review of Nanostructured Piezoelectric Energy
Harvesters. Nano Energy 2015, 14, 15–29. [CrossRef]

16. Lu, M.-P.; Lu, M.-Y.; Chen, L.-J. p-Type ZnO Nanowires: From Synthesis to Nanoenergy. Nano Energy 2012, 1,
247–258. [CrossRef]

17. Kumar, B.; Kim, S.-W. Energy Harvesting Based on Semiconducting Piezoelectric ZnO Nanostructures.
Nano Energy 2012, 1, 342–355. [CrossRef]

18. Xiong, H.-M. ZnO Nanoparticles Applied to Bioimaging and Drug Delivery. Adv. Mater. 2013, 25, 5329–5335.
[CrossRef] [PubMed]

19. Dhahri, R.; Leonardi, S.G.; Hjiri, M.; El Mir, L.; Bonavita, A.; Donato, N.; Iannazzo, D.; Neri, G. Enhanced
Performance of Novel Calcium/Aluminum co-Doped Zinc Oxide for CO2 Sensors. Sens. Actuators B Chem.
2017, 239, 36–44. [CrossRef]

20. Özhür, Ü.; Alivov, Y.I.; Liu, C.; Teke, A.; Reshchikov, M.A.; Doğan, S.; Avrutin, V.; Cho, S.-J.; Morkoç, H.
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Abstract: Novel TiO2/Sn3O4 heterostructure photocatalysts were ingeniously synthesized via
a scalable two-step method. The impressive photocatalytic abilities of the TiO2/Sn3O4 sphere
nanocomposites were validated by the degradation test of methyl orange and •OH trapping
photoluminescence experiments under ultraviolet (UV) and visible light irradiation, respectively.
Especially under the visible light, the TiO2/Sn3O4 nanocomposites demonstrated a superb
photocatalytic activity, with 81.2% of methyl orange (MO) decomposed at 30 min after irradiation,
which greatly exceeded that of the P25 (13.4%), TiO2 (0.5%) and pure Sn3O4 (59.1%) nanostructures.
This enhanced photocatalytic performance could be attributed to the mesopore induced by the
monodispersed TiO2 cores that supply sufficient surface areas and accessibility to reactant molecules.
This exquisite hetero-architecture facilitates extended UV-visible absorption and efficient photoexcited
charge carrier separation.

Keywords: photocatalyst; heterostructures; TiO2; Sn3O4

1. Introduction

As a stable, low-cost and environmentally benign material, nanoscaled titanium dioxide
(TiO2) with unique structural and functional properties has become a widely used semiconductor
photocatalyst for various solar-driven clean energy technologies [1]. Tailoring the morphology of
TiO2 photoanode is a preferred route to achieving high performance in solar cells due to its enhanced
properties, such as high surface area, faster electron transport, lower electron-hole recombination
rate and good light-harvesting features [2,3]. Nevertheless, the wide optical bandgap of TiO2, which
seriously limits its light harvesting capability, leaving about 96% of the solar light energy wasted [4].
Compared with the solution of generating donor or acceptor states in the band gap by adding
impurities, rationally designing and constructing the surface heterostructures would be a more efficient
strategy for achieving an excellent photocatalyst [5].

Recently, Sn3O4, a novel non-stoichiometric oxide, has raised particular interest in the field of
photocatalysis—especially in terms of its catalytic behavior under visible light irradiation—due to
a suitable band-gap inside visible light (2.2–2.9 eV) and a distinct surface structure composed of both
valences of tin [6,7]. Several studies have shown its great potential as an auspicious photocatalyst
under visible light, both for generating hydrogen and degrading dyes [8]. However, some drawbacks
have hindered its performance in practice. As a semiconductor with a relatively narrow band gap, pure
Sn3O4 generally leads to a fast recombination of photoexcited electron-hole pairs, which ultimately
decreases its degradation rate [9].
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Discussing these problems together, it proposes an intriguing idea that Sn3O4, as the second
component, attaches to the surface of TiO2 nanostructures, for an exquisite TiO2/Sn3O4 heterostructure.
On the one hand, a theoretical analysis indicates that the interface between TiO2 and Sn3O4 is to be
a perfect type-II heterojunction (both the potentials of valence band (VB) and conduction band (CB) of
Sn3O4 are higher than that of TiO2) [10], which is actually conducive to the separation of photoexcited
electron-hole pairs. Furthermore, latest reports have exhibited the superiority of the heterogeneous
composite of this kind [11,12]. On the other hand, increased photoactive facets can effectively facilitate
the efficiency of photo-absorption and oxygen chemisorption, and bring about a fast rate of surface
reactions [13]. Therefore, highly dispersive anatase TiO2 mesopore nanospheres, which possess a large
number of active surfaces, would likely be an amazing matrix in TiO2/Sn3O4 nanocomposites.

The two-step self-assembly approach is a feasible strategy for the refined design of hierarchical
nanostructures with complex morphologies, and has been proven to be an effective way to design
multiscale nanostructures, since the morphology and composition obtained from the first step can
be further tuned and adjusted by a subsequent second process. Moreover, this approach also allows
the combination of multiple synthetic techniques, and the synthesis of complex nanostructures
with hierarchical multiscale structures compared with the conventional one-step self-assembling
method [14]. Recently, a lot of complex nanostructures with high photocatalytic performance for
both visible light and ultraviolet has been acquired by the two-step synthesis method. Usually, these
methods can be classified into two categories: (1) synthesis under two continuous identical methods,
such as in [9,15,16]; and (2) synthesis under two different methods, such as in [17,18]. In 2015,
TiO2/Sn3O4 nanobelts [9] were successfully produced by first synthesizing the TiO2 nanobelts, and
then assembling Sn3O4 onto the TiO2 nanobelts in a subsequent hydrothermal procedure; in the
same year, hierarchical Sn3O4/N-TiO2 nanotubes [17] were synthesized by first weaving N-doped
TiO2 nanotube via electro-spinning, and then modifying them with Sn3O4 via hydrothermal reaction.
In 2017, a range of heterojunction WO3/TiO2 thin films were deposited via a two-step process using
chemical vapor deposition (CVD) methods [15]. Generally, electro-spinning and chemical vapor
deposition is associated with at least one of the following factors: expensive equipment, high voltage,
hazardous by-products, or toxic chemicals, rendering the method less environmental friendly and
much more complicated than the hydrothermal method or sol-gel synthesis. Hence, synthesizing
complex nanostructures via a combination of sol-gel and hydrothermal methods would be a low-cost,
scalable, easy to control, and eco-friendly strategy in terms of preparing high-quality, uniform, catalysts.

Herein, we developed a scalable two-step route, combining the sol-gel method and hydrothermal
progress to achieve excellent visible and ultraviolet photocatalytic activity by uniformly synthesizing
the Sn3O4 nanoparticles on the surface of TiO2 nanospheres. As expected, an enormous enhancement
of photocatalytic efficiency was achieved by the distinctive TiO2/Sn3O4 nanocomposites.

2. Experimental Section

2.1. Chemicals

The chemicals used in this study were of analytic grade, and were used without further
purification. Tetrabutyl titanate was purchased from Beijing Xingjin Chemical Factory, Beijing, China.
Methyl orange (MO) was obtained from Tianjin Jinke Fine Chemical Industry Research Institute, Tianjin,
China. Tin dichloride dihydrate (SnCl2·2H2O) and trisodium citrate dihydrate (Na3C6H5O7·2H2O)
were purchased from Xilong Chemical Industry Co., Ltd., Guangdong, China. Terephthalic acid was
purchased from Alfa Aesar (Tianjin, China). All the other organic solvents and salts, including ethylene
glycol, acetone, NaOH, were purchased from Sinopharm Chemical Reagent Beijing Co. P25 (nanoscale
TiO2 powder, surface area 50 m2·g−1) was purchased from Degussa AG (Hanau, Germany).
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2.2. Synthesis of Samples

In this research, we propose a two-step synthesis method to obtain TiO2/Sn3O4 nanocomposites
by preparing TiO2 core via sol-gel route first and then synthesizing Sn3O4 on the surface of TiO2.
(1) Synthesis of core TiO2 nanospheres [19]: 3.5 mL tetrabutyl titanate was dissolved in the 50 mL
ethylene glycol while stirring vigorously for 10 h. Then, the mixture was immediately poured into
a solution containing 170 mL acetone and 2.7 mL deionized water under constant stirring, until white
precipitation appeared. The acquired precipitate was calcined in air at 500 ◦C for 1 h to produce
the TiO2 powders; (2) Coating TiO2 with Sn3O4: 0.2 g of the TiO2 product described above and
5.0 mmol SnCl2·2H2O were mixed with 25 mL deionized water, followed by the addition of 12.5
mmol Na3C6H5O7·2H2O and 2.5 mmol NaOH under magnetic stirring. During this process, Sn(II)
ions were attached to the surface of hydroxyl-rich TiO2 spherical colloids through inorganic grafting.
The resulting precursor was then transferred to a 50 mL Teflon-lined stainless autoclave and maintained
at 180 ◦C for 12 h. Finally, the collected powder was washed several times with deionized water and
ethanol, and dried at 60 ◦C for 12 h.

2.3. Characterization of Samples

In order to obtain the physical and chemical properties of as-prepared samples, several
characterizations were conducted. X-ray diffraction (XRD) patterns were recorded by a Rigaku
D/MAX-2500 diffractometer with Cu Kα radiation (Rigaku, Tokyo, Japan). Raman spectra
were obtained using a HORIBA HR800 spectrometer with an Nd:YAG laser at a wavelength of
532 nm (Horiba Yvon, Paris, France). Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images were acquired from the ZEISS SUPRA 55 (Zeiss, Oberkochen,
Germany)and JEOL JEM-2010 (JEOL, Tokyo, Japan), respectively. X-ray photoelectron spectra
(XPS) were recorded on a scanning X-ray microprobe PHI Quantera II (Ulvac-PHI, Chigasaki,
Japan). The nitrogen adsorption-desorption isotherm was measured at 77 K on an Autosorb-iQ2-MP
analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). The absorption spectra were carried
out by UV-visible spectrophotometer (Lambda 950, Perkin-Elmer, Shelton, WA, USA) and the
hydroxyl radicals (•OH) trapping photoluminescence spectra were examined by a fluorescence
spectrophotometer (Hitachi F-4500, Hitachi, Tokyo, Japan) using excitation a wavelength of 315 nm.

2.4. Photocatalytic Experiments

The photocatalytic activity of TiO2/Sn3O4 nanocomposites was evaluated via methyl orange (MO)
degradation rate. 80 mL aqueous suspension of MO (20 mg/L) and 80 mg of photocatalyst powder
were placed in a 100 mL beaker. Prior to irradiating, the suspensions were magnetically stirred in the
dark for 40 min to establish adsorption-desorption equilibrium. A 250 W mercury lamp and a 500 W
Halogen lamp with a 420 nm cut-off filter were used as the UV and visible light sources, respectively.
After given irradiation time intervals, aliquots of the mixed solution were collected and centrifuged to
remove the catalyst particulates for analysis. Four consecutive cycles were tested. The samples were
washed thoroughly with water and dried after each cycle.

Using terephthalic acid as a probe molecule, the hydroxyl radicals (•OH) at the
photo-illuminated sample/water interface were examined by a special photoluminescence (PL)
technique. Terephthalic acid reacts readily with •OH, producing 2-hydroxyterephthalic acid, a great
fluorescent material with a unique photoluminescence peak at 426 nm [20], which makes it easy
to detect by fluorescence spectrum (excitation wavelength: 315 nm, fluorescence peak: 426 nm).
In a typical experiment, 80 mL 0.5 mM terephthalic acid and 2 mM NaOH aqueous solution were
completely mixed and then transferred into a 100 mL beaker. The rest of steps are the same as for the
degradation of MO.
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3. Results and Discussion

Figure 1a illustrates the XRD pattern of the TiO2/Sn3O4 nanocomposites. All the diffraction peaks
can be indexed to the anatase TiO2 (JCPDS 21-1272, marked with black •) and triclinic Sn3O4 (JCPDS
16-0737, marked with red �), validating the high purity of the synthesized TiO2/Sn3O4 composite
phase. Compared with the single-phase TiO2 and Sn3O4, all the diffraction peaks are broad and
weak, which indicates that the crystallinities are slightly reduced [21]. This result may be attributed to
lattice distortion induced by interfacial strain because of different lattice parameters between Sn3O4

and TiO2 [22]. In addition, Raman spectroscopy results (Figure 1b) further confirm the purity of
the synthesized TiO2/Sn3O4 composite phase. Specifically, Raman activities of 144, 196, 396, 520
and 638 cm−1 were assigned to the anatase TiO2 [23], and the 133, 143, 170 and 238 cm−1 Raman
peaks could be attributed to the Sn3O4, in accordance with previous reports [7,24]. The textures
of the as-synthesized TiO2/Sn3O4, TiO2, Sn3O4 and P25 were characterized by N2 physisorption
experiments. The Brunauer–Emmett–Teller (BET) surface area data of samples are provided in Table 1.
The N2 adsorption-desorption isotherm and pore-size distribution of TiO2/Sn3O4 nanocomposites are
shown in Figure 1c. The results display that the TiO2/Sn3O4 nanocomposites possess an average pore
diameter of 2.733 nm and a larger surface area of 68.1 m2/g than the as-prepared TiO2 (0.04 m2/g),
Sn3O4 (35.2 m2/g), and the reported TiO2/Sn3O4 nanobelt heterostructure (51.5 m2/g) [9]. Such a high
surface-to-volume ratio for the TiO2/Sn3O4 nanocomposites might be of extreme good value in
photocatalytic processes, as they would provide more active sites for the adsorption of reactant
molecules, and their optical absorbance would increase at visible wavelengths [25]. Figure 1d shows the
UV-visible diffusion reflectance spectra (DRS) and plots of (F(R)hv)1/2 versus photo energy (hv) of the
TiO2/Sn3O4 along with spectra of the pristine TiO2 and Sn3O4 for comparison. The absorption spectra
of the TiO2/Sn3O4 nanocomposites exhibit the mixed absorption properties of both the components.
In particular, the absorption edge for TiO2/Sn3O4 nanocomposites is clearly shifted towards visible
region (near 505 nm). The optical band gap determined from the plot of the Kubelka-Munk function
was found to be 2.46 eV, compared to the observed values of 3.22 eV and 2.61 eV for TiO2 and Sn3O4,
respectively. These data reveal the Sn3O4/TiO2 nanocomposites have a lower band gap than the
pure Sn3O4 and TiO2 nanoparticles, which is consistent with the published literature [9], and can be
explained by the reduced crystallinity of both materials [1], as shown by XRD analysis.

Table 1. The specific surface area and apparent reaction rate constants (κ) of TiO2, P25, Sn3O4

TiO2/Sn3O4 samples.

Photocatalyst
TiO2 P25 Sn3O4 TiO2/Sn3O4

κ (min−1) κ (min−1) κ (min−1) κ (min−1)

UV irradiation 0.028 0.24 0.064 0.24
Visible light 0.0010 0.0023 0.024 0.052

Surface Area (m2·g−1) 0.04 50 35.2 68.1

The chemical composition and valence state were characterized by X-ray photoelectron
spectroscopy (XPS). The full range of XPS spectra, ranging from 0 to 1000 eV, of TiO2/Sn3O4

nanocomposites are shown in Figure 2a. No impurities were observed in the spectra, which is
consistent with the results of XRD and Raman. Figure 2b shows the curve fitting data of the Sn 3d
core-level spectra. Moreover, the Sn 3d doublet characterized by Sn 3d3/2–Sn 3d5/2 splitting peak can
be clearly observed. The prominent peak of Sn 3d5/2 level is dissolved into two peaks centered at 486.77
and 486.15 eV, which can be attributed to Sn(IV) and Sn(II) configurations [26], respectively. The Sn
3d3/2 spectra exhibit two peaks at 495.14 and 494.51 eV, which are assigned to Sn2+ and Sn4+ [26].
As shown in Figure 2c, the binding energies (BE) of Ti 2p3/2 and Ti 2p1/2 are 458.5 and 464.2 eV
respectively, which are ascribed to the Ti4+ oxidation states [27]. On the basis of the above discussion,
it can be concluded that the TiO2/Sn3O4 sample is composed of Ti(IV), Sn(II and IV), and O, which is
in good agreement with the XRD and Raman results. In addition, the calculated Ti/Sn ratio is 0.20,
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indicating that most of the surface of the TiO2 nanocrystals is covered by Sn3O4 nanocrystals (SEM
and TEM experiments further confirm this result, and will be discussed later).
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Figure 1. (a) XRD patterns, (b) Raman spectra of TiO2, Sn3O4 and TiO2/Sn3O4 nanocomposites,
(c) N2 adsorption-desorption isotherms of TiO2/Sn3O4 nanocomposites and (d) UV-visible diffuse
reflectance spectra and plots of (F(R)hv)1/2 versus photo energy (right insert) of TiO2, Sn3O4 and
TiO2/Sn3O4 nanocomposites.

The morphology and microstructure of the as-prepared TiO2/Sn3O4 nanocomposites were
carefully analyzed by microscopy. Generally, lots of interleaved Sn3O4 nanoplates are able to
self-assemble into an ordinary flower-like nanostructure, as shown in Figure 3a. Similarly, by
introducing highly monodispersed TiO2 nanospheres of ~130 nm diameter (Figure 3b) into the growth
environment, the homogeneous Sn3O4 nanoparticles started to grow on the surface of each individual
TiO2 core with intimate contact, thus forming an interface of two different semiconductors that
would facilitate photo-excited electron transfer and photon-generated carrier separation (Figure 3c,d).
Noticeably, the composites inherit a favorable dispersion in the solution, and fully contact with the
absorbate, which is positive for the outstanding photocatalytic performance. However, it should
be noted that the TiO2/Sn3O4 nanocomposites are not completely covered by Sn3O4 nanocrystals.
Furthermore, these advantageous heterojunctions with 10–20 nm sizes wrapping uniformly onto
the surface of TiO2 nanospheres were verified by TEM observation, as shown in Figure 1e,f.
The well-resolved lattice fringes from the core and shell regions manifestly correspond to the (101)
planes of anatase TiO2 and the (210) planes of Sn3O4, respectively, clearly revealing the phase
distribution of the TiO2/Sn3O4 nanocomposites again.
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The photocatalytic activities of P25, TiO2, Sn3O4 and TiO2/Sn3O4 heterostructures were
evaluated by the degradation of MO in water under UV- and visible-light irradiation
(Figure 4a,b).The degradation of the MO solution under identical experimental conditions, but with
no photocatalyst, is provided for comparison. The degradation efficiency of the as-synthesized
TiO2/Sn3O4 heterostructures was defined as C/C0, where C0 is the initial concentration of MO after
equilibrium adsorption, and C is the concentration during the reaction. Both blank experiment
results showed that MO could not be decomposed without photocatalyst under UV- or visible-light
irradiation. In contrast, the photodegradation efficiency of TiO2/Sn3O4 nanocomposites was 95%
within 30 min under UV-light irradiation, which is superior to the as-prepared TiO2 nanospheres
(62%) and Sn3O4 nanoplates (70%). Furthermore, the MO decomposition efficiency found for
the TiO2/Sn3O4 photocatalyst was comparable to that determined under the same experimental
conditions for the reference P25 catalyst; that is, 99% after 10 min. Additionally, in the visible-light
irradiation experiment (Figure 4b), the TiO2/Sn3O4 nanocomposites (81%) exhibited significantly
higher photocatalytic activity than P25 (9%), TiO2 (0.4%) and Sn3O4 (60%) at 30 min. Finally, MO was
completely degraded within 80 min. The results show that the TiO2/Sn3O4 heterostructures exhibited
improved photocatalytic activity.
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visible-light irradiation, respectively. The corresponding curves of MO without photocatalyst under
UV and visible light irradiation are provided for comparison.

For a better understanding, the photocatalytic kinetics of the samples was analyzed using the
Langmuir-Hinshelwood model, as shown in Figure 4c,d. All of the data follow a first-order reaction
model, and the calculated apparent kinetic rate constants (κ) are summarized in Table 1. We found
that, under UV irradiation, the TiO2/Sn3O4 exhibited a much faster photo-decomposition activity
(κ = 0.24 min−1) than the pure TiO2 (0.028 min−1) and Sn3O4 (0.064 min−1), and was as fast as the P25
(0.24 min−1). Furthermore, under visible-light irradiation, the calculated value of κ for the TiO2/Sn3O4

sample (κ = 0.052 min−1) was twice as high as that for the neat Sn3O4 (0.024 min−1), and more than
a dozen times higher than that for the single TiO2 (0.0010 min−1) and the P25 (κ = 0.0023 min−1).
In addition, the TiO2/Sn3O4 heterostructures could be recycled and reused at least four times without
significant loss of efficiency (Figure 4e,f), which demonstrates its great potential as an efficient and
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stable photocatalytic material. These remarkably good performances can be attributed to the improved
UV- and visible-light absorption efficiency, and the high photo-excited carrier-separation rate resulting
from the novel TiO2/Sn3O 4 heterostructures.

Based on all of the results above, a possible mechanism for charge transfer and photocatalytic
process can be proposed (Scheme 1). As illustrated in Figure 1d, the diffusion reflectance spectra
(DRS) and plots of (F(R)hv)1/2 versus photo energy (hv) indicate that the bandgap of Sn3O4 (2.61 eV)
is smaller than that of TiO2 (3.22 eV). Additionally, the potentials of the valence band (VB) and
conduction band (CB) of Sn3O4 are higher than those of TiO2, so the heterostructure of TiO2/Sn3O4

belongs to typical type-II heterojunction [9]. When Sn3O4 contacts TiO2 cores to form a heterojunction,
the difference in chemical potential causes band bending at the interface of the junction [28], which
drives photoexcited electrons to transfer from Sn3O4 to TiO2, and photoexcited holes to migrate in
the opposite direction, until the Fermi levels of TiO2 and Sn3O4 reach equilibrium. The possible
mechanisms for charge transfer and hydroxyl radical (•OH) generation under UV- and visible-light
irradiation will be discussed separately. (1) Upon UV illumination, electrons in the VB could be excited
to the CB of both oxides, simultaneously forming the same number of holes in the VB. This is due
to the fact that the Sn3O4 nanoparticles were not fully coated as a shell onto the TiO2 nanospheres
(Figure 3c,d) and that the suitable bandgap of TiO2 and Sn3O4 is lower than the energy of ultraviolet
photons. Next, the photo-generated electrons were collected by the TiO2 particles and the holes by the
Sn3O4 particles; that is, electrons transferred from Sn3O4 to TiO2, and holes migrated from TiO2 to
Sn3O4 (compare Scheme 1a with Figure 1d). The unique behavior that electrons and holes preferentially
accumulate on different materials would result in a great separation of photo-generated carriers, and
thus reduce the charge recombination rate, ultimately increasing carrier lifetime. As a consequence, the
formation efficiency of hydroxyl radicals (•OH)—a strong oxidant for most pollutants [9,20,29]—by the
reaction of holes with surface hydroxyl groups or physisorbed water molecules at the Sn3O4 surface
and the production rates of •OH and superoxide radicals (O2

−) radicals resulting from the reactions
of electrons with dissolved oxygen molecules and water molecules will be massively enhanced; this
will increase the volume of oxidant inside the system. (2) Under visible-light irradiation (Scheme 1b),
electrons in the VB could be exclusively excited to the CB of Sn3O4, with a concomitant formation of
the same number of holes in the VB. Due to the type II band alignment of the as-prepared sample, the
photoexcited electrons in the Sn3O4 CB will be easily injected into the TiO2 CB, where the electrons
could reduce surface-absorbed O2 over TiO2 active sites to form superoxide radicals (O2

−), and the
new species can further yield •OH by reacting with water or oxidize MO. On the other hand, holes
remaining in Sn3O4 could react with surface-absorbed H2O to generate more •OH. Hydroxyl radicals
(•OH) and superoxide radicals (O2

−) stemming from the above procedure will degrade MO into
colorless chemicals, and even CO2 and H2O, which is similar under UV illumination. All in all, the
enhanced charge separation related to the TiO2/Sn3O4 heterojunction favors the interfacial charge
transfer to physisorbed species, forming •OH radicals and reducing possible back reactions, and
therefore accounts for the higher activity of the TiO2/Sn3O4 nanocomposites.

The photocatalytic oxidation of dyes occurs through the reactive species, which came
into being after the light absorption and electron-hole formation by the photocatalyst [30].
Terephthalic acid photoluminescence probing technique (TAPL) was employed to examine the
generation of active •OH radicals [31]. Figure 5a,b gives the •OH-trapping photoluminescent
spectra of TiO2/Sn3O4 nanocomposites in TA solution with UV- and visible-light irradiation,
respectively. The increased photoluminescence intensity confirms that the •OH radicals are mainly
responsible for the photodegradation process, and it also verifies the photocatalytic activity of the
TiO2/Sn3O4 nanocomposites.
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4. Conclusions

In summary, this study demonstrates a facile route to synthesizing TiO2/Sn3O4 nanocomposites
that not only display enhanced photocatalytic performance in UV irradiation, but also allow
a significant level of visible light photocatalytic activity. The large surface area derived from the
monodispersed mesopore TiO2/Sn3O4 nanospheres and unique TiO2/Sn3O4 heterojunctions are
considered to be major contributions to supplying abundant active sites and separating photogenerated
carriers, respectively. The strengthened photocatalytic performances will greatly promote the practical
application of the TiO2/Sn3O4 nanocomposites in eliminating organic pollutants from wastewater,
and producing hydrogen by splitting.
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Abstract: TiO2 nanoparticles modified with phthalocyanines (Pc) have been proven to be a potential
photosensitizer in the application of photodynamic therapy (PDT). However, the generation of
reactive oxygen species (ROS) by TiO2 nanoparticles modified with Pc has not been demonstrated
clearly. In this study, nitrogen-doped TiO2 conjugated with Pc (N-TiO2-Pc) were studied by means
of monitoring the generation of ROS. The absorbance and photokilling effect on HeLa cells upon
visible light of different regions were also studied and compared with non-doped TiO2-Pc and Pc.
Both N-TiO2-Pc and TiO2-Pc can be activated by visible light and exhibited much higher photokilling
effect on HeLa cells than Pc. In addition, nitrogen-doping can greatly enhance the formation of 1O2

and •O2
−, while it suppresses the generation of OH•. This resulted in significant photodynamic

activity. Therefore, N-TiO2-Pc can be an excellent candidate for a photosensitizer in PDT with
wide-spectrum visible irradiation.

Keywords: titanium dioxide; phthalocyanine; reactive oxygen species; photodynamic therapy

1. Introduction

Titanium dioxide (TiO2) nanoparticles have been widely studied in many fields such as
solar cells, electrochromic devices, environment, and biomedicine [1,2]. Recently, researchers have
focused on the application of photodynamic therapy (PDT) due to its low toxicity, high stability,
excellent biocompatibility, and unique photocatalytic properties. When TiO2 is photoexcited upon UV
irradiation, hole-electron pairs are generated, which result in the formation of reactive oxygen species
(ROS) via the redox reactions of oxygen or water molecules at the TiO2 surface. The generated ROS
can induce a remarkable photokilling effect against cancer cells [3–5]. Furthermore, when doped or
modified with different methods, TiO2 nanoparticles may become an attractive photosensitizer (PS)
under visible light irradiation. In particular, TiO2 nanoparticles modified with phthalocyanine have
been proven to be promising as PSs with enhanced absorption in the visible region [6,7].

Phthalocyanine and its derivatives, as a second generation of PSs, are known to generate
singlet oxygen (1O2) via energy transfer [8]. Also, there have been some studies showing that TiO2

nanoparticles can generate specific ROS such as hydroxyl radicals (OH•) [9] and superoxide anion

Nanomaterials 2017, 7, 338 222 www.mdpi.com/journal/nanomaterials
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radicals (•O2
−) [10]. However, little work has been conducted to investigate the generation of ROS by

TiO2 nanoparticles modified with Pc.
In our previous work [11], nitrogen-doped TiO2 nanoparticles (N-TiO2) conjugated with

aluminum phthalocyanine (Pc) were synthesized by a two-step surface modification method,
and this novel material, N-TiO2-Pc, exhibited significant photokilling efficiency on cancer cells.
The photodynamic activity of N-TiO2-Pc is the primary driving force underlying the PDT
application, so it is important to demonstrate the photo-induced active species clearly. In this study,
the photodynamic activity of N-TiO2-Pc was studied by monitoring the generation of ROS and
evaluating the photokilling effect upon light in different regions. These results are compared with Pc
and non-doped TiO2-Pc to reveal the roles of nitrogen-doping and Pc.

2. Results

2.1. Absorption Spectrum

The absorption spectra of N-TiO2-Pc, TiO2-Pc, and Pc in aqueous solutions are shown in Figure 1.
The concentration of Pc in all three samples is the same, which is associated with the similar absorbance
around 670 nm of all the samples. Meanwhile, the conjugates of N-TiO2-Pc and TiO2-Pc both
demonstrate higher absorbance in the region of 400–500 nm compared with Pc. It is well known that
pure anatase TiO2 can only absorb UV light with a wavelength shorter than 387 nm [12]. When TiO2

nanoparticles were modified with the amino silanization method, the absorbance in the visible region
could be enhanced [13], especially in the blue and green regions [14]. N-TiO2-Pc and TiO2-Pc were
both synthesized based on the amino silanization of TiO2 nanoparticles, which leads to enhanced
absorbance in the region of 400–500 nm. In addition, N-TiO2-Pc shows higher visible absorbance than
TiO2-Pc due to nitrogen doping, which is in agreement with our previous report [15]. The higher
absorption in the visible light region may induce a greater production of ROS and thus a higher
photokilling effect on cancer cells.

 

Figure 1. Absorption spectra of N-TiO2-Pc (black), TiO2-Pc (blue), and Pc (red) in aqueous solutions.

2.2. Production of ROS

The ROS generated by N-TiO2-Pc, TiO2-Pc, and Pc in aqueous suspensions under visible light
irradiation were monitored by different ROS-sensitive fluorescence probes. The fluorescence intensities
indicated the production of total ROS, •O2

−/H2O2, and OH•, respectively. The production of ROS
increased as a function of light exposure time ranging from 0 to 5 min (Figure 2). For comparison,
the concentration of Pc is the same in all three samples.
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Under 420–800 nm irradiation, the total ROS production by N-TiO2-Pc was higher than those of
TiO2-Pc and Pc (Figure 2a). The total ROS production of N-TiO2-Pc was about 1.8 times than of TiO2-Pc
and about 2.4 times that of Pc, which agrees well with the visible light absorbance result. N-TiO2-Pc
induced more •O2

−/H2O2, while TiO2-Pc generated less •O2
−/H2O2 than Pc (Figure 2b). As shown

in Figure 2c, TiO2-Pc generated more OH•, was about twice of that of Pc, while N-TiO2-Pc produced
less OH• than TiO2-Pc.

To further study the effect of 420–575 nm irradiation, a 575 nm-shortpass filter was added. It was
determined that the power density of the lamp in the range of 420–800 nm was 17.8 mW·cm−2, and that
in the range of 420–575 nm was 8.4 mW·cm−2, about half of 420–800 nm. Under 420–575 nm irradiation,
Pc barely produced detectable ROS. This result indicates that Pc has no absorption in the range of
420–575 nm. Compared with TiO2-Pc, the total ROS production of N-TiO2-Pc was much higher, around
3.4 times that of TiO2-Pc (Figure 2d). This indicates that the photoactivity of N-TiO2-Pc is more efficient
under this range of visible light. The •O2

−/H2O2 productions by N-TiO2-Pc and TiO2-Pc were similar,
as shown in Figure 2e. Among the various reactive species, it seems the generation of OH• was not
favored (Figure 2f). The reported ROS generated by TiO2 included •O2

−, H2O2, OH•, and 1O2 [10].
From Figure 2d–f, it can be seen that neither •O2

−, H2O2, or OH• produced by N-TiO2-Pc represent
the main contribution of the total ROS upon 420–575 nm irradiation. So, it can be assumed that 1O2

may be the major composition of the various reactive species.

Figure 2. Comparison of photo-induced reactive oxygen species (ROS) by N-TiO2-Pc, TiO2-Pc,
and Pc in aqueous solutions under light irradiation of (a–c) 420–800 nm (17.8 mW·cm−2) and
(d–f) 420–575 nm (8.4 mW·cm−2), where the concentration of Pc is the same in all three samples.
Fluorescence intensities indicate the production of (a,d) total ROS, (b,e) •O2

−/H2O2, and (c,f) OH• as
a function of irradiation time.

To further study the contribution of different specific ROS generated by the samples, superoxide
dismutase (SOD) and glycerol were used as •O2

− and 1O2/•O2
− scavengers [16,17]. In the presence

of specific ROS scavengers, the amount of eliminated •O2
− and 1O2/•O2

− were monitored by the
intensity decrease of the fluorescent probe. Then, the corresponding percentages were calculated
using the intensity decrease compared with the fluorescence intensity measured without scavengers,
and listed in Table 1. It can be seen that the nature of ROS is essentially 1O2 rather than •O2

−,
which is similar to the results of zinc oxide nanoparticles [18]. Since the highly reactive oxidative

224



Nanomaterials 2017, 7, 338

specie 1O2 played a significant role in the generated ROS, the samples are supposed to have great
photodynamic efficiency.

Table 1. Specific ROS percentage (%) of total ROS under different irradiation wavelengths.

•O2
− 1O2/•O2

−

Excitation Range 420–800 nm 420–575 nm 420–800 nm 420–575 nm

N-TiO2-Pc 12.6 ± 0.3 20.9 ± 0.7 52.3 ± 1.8 66.6 ± 1.6
TiO2-Pc 7.6 ± 0.2 10.0 ± 0.1 69.8 ± 1.7 63.7 ± 0.1

Pc 7.5 ± 0.1 – 65.6 ± 0.9 –

2.3. Photokilling Effects of Samples on HeLa Cells

The photokilling effects of samples on human cervical carcinoma cells (HeLa) were measured
under different irradiation. The HeLa cells were first incubated with a medium containing
5.5–21.9 μg·mL−1 N-TiO2-Pc/TiO2-Pc (containing 0.48–1.9 μg·mL−1 Pc) for 1 h in the dark.
For comparison, cells incubated with the same amount of 0.48–1.9 μg·mL−1 Pc were incubated as
well. The irradiation time was the same for 420–800 nm and 420–575 nm, hence the contribution of
420–575 nm could be estimated with the same irradiation conditions except the wavelength range.

Under the irradiation of 420–800 nm (15.9 J·cm−2), the surviving fractions of cells were decreased
with the increased concentration of samples, as shown in Figure 3a. Pc showed weak photokilling effect
with survival fractions of >83% for all the concentrations. TiO2-Pc exhibited higher photokilling effect
with the cell survival fractions in the range of 27–83%. N-TiO2-Pc showed the highest photokilling
effect. The cell survival fraction was below 46% when treated with 5.5 μg·mL−1 N-TiO2-Pc, and the
cell viability was as low as 14% when incubated with 21.9 μg·mL−1 N-TiO2-Pc.

Under the irradiation of 420–575 nm (7.5 J·cm−2), Pc did not show great photokilling effect.
However, the cell viability dropped to 70% and 78% when treated with 21.9 μg·mL−1 N-TiO2-Pc and
TiO2-Pc, respectively (Figure 3b). This indicated that both N-TiO2-Pc and TiO2-Pc can be activated by
420–575 nm irradiation, while nitrogen-doping can enhance the photodynamic activity of N-TiO2-Pc.

Figure 3. The photokilling effect on HeLa cells treated with 5.5–21.9 μg·mL−1 N-TiO2-Pc or TiO2-Pc
with (a) 420–800 nm; (b) 420–575 nm light irradiation. For comparison, cells incubated with the same
amount of 0.48–1.9 μg·mL−1 Pc were studied as well. * represents significant difference from the
control group (p < 0.05).

3. Discussion

From Figure 2a,d, it can be seen that the total ROS production irradiated by 420–575 nm light was
about half that irradiated by 420–800 nm light. This was because the power density of the lamp in
the range of 420–575 nm was about half of that in the range of 420–800 nm. If the different irradiation
light dose of 420–575 nm was same as 420–800 nm, the cell viability was expected to be 36% with
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21.9 μg·mL−1 N-TiO2-Pc. There was a gap of about 22% cell viability for N-TiO2-Pc under 420–575 nm
light compared with 420–800 nm. This could be explained by the notion that the photokilling effect
was determined not only by the total ROS production, but also by the ROS type. Various species
contribute differently depending on their lifetimes and diffusion lengths. The natures of ROS were
different between 420–575 nm and 575–800 nm. On the other hand, specific ROS were studied in
aqueous solutions, as shown in Figure 2 and Table 1, but the ROS would not be the same in the culture
medium. In this case, the photokilling effect under 420–575 nm light was not significant (Figure 3b).

Figure 4 demonstrates a proposed mechanism of ROS production by N-TiO2-Pc (or TiO2-Pc)
under light irradiation. The phthalocyanines in the solid state behave as p-type semiconductors with
the energy of the band gap at about 1.9 eV [19], which can be excited by red light and mainly generate
1O2 through energy transfer. Meanwhile, the bandgap of TiO2 was narrowed and isolated states
of N 2p were located in the bandgap of N-TiO2 due to the nitrogen-doping. As suggested in the
theoretical study [20], doping with a 1–2% N concentration could result in a bandgap narrowing of
0.11–0.13 eV, and some N 2p isolated states lying at 0.25–1.05 eV above the valence-band maximum of
TiO2. Therefore, the visible light of λ ≤ 575 nm can excite the N-TiO2 nanoparticles effectively, and it is
more prone to transfer energy from N-TiO2 to Pc compared with non-doped TiO2. It has been shown
through extensive studies that higher N doping amounts narrow the bandgap of TiO2 and enhance the
visible light absorption. The ROS generation is determined by both the light absorption ability and the
quantum efficiency. Since the doped N atoms can serve as electron traps to inhibit the recombination of
electrons and holes, the quantum efficiency of photoactivity could be promoted. The photogenerated
electrons in the conduction band (CB) can react with oxygen molecules to generate •O2

− and 1O2.
The production of •O2

− and 1O2 by N-TiO2-Pc is significantly promoted by nitrogen-doping. On the
other hand, the photogenerated positive holes in the valence band (VB) can oxidize water molecules to
generate OH•. The results of Reeves proved OH• formation at nanoparticulate TiO2 by electron spin
resonance (ESR) studies [9]. This was also substantiated by experiments showing that TiO2 generated
more OH• than N-TiO2 [10], which may be attributed to the low mobility of the photogenerated holes
trapped in N 2p levels of N-TiO2 [21]. Since OH• contributes less to the photodynamic activity due
to its shorter lifetime and lower diffusion length in comparison to •O2

− [22], it can be understood
that TiO2-Pc exhibits less photodynamic activity than N-TiO2-Pc. Therefore, the results suggest
that N-TiO2-Pc can be an excellent candidate for a photosensitizer in PDT with wide-spectrum
visible irradiation.

 

Figure 4. Schematic illustration of a proposed mechanism of ROS production by N-TiO2-Pc (or TiO2-Pc)
under irradiation.
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4. Materials and Methods

4.1. Preparation and Characterization of Samples

The chemical agents used in the preparation of N-TiO2-Pc or TiO2-Pc were anatase
TiO2 nanoparticles (<15 nm, Sigma-Aldrich Inc., St. Louis, MO, USA), gaseous ammonia
(99.999%, Pujiang Inc., Jinhua, China), APTES (3-aminopropyl triethoxysilane, 99%; Aladdin Inc.,
Astoria, NY, USA), ammonia solution (25%-28%, Tongsheng Inc., Jiangsu, China), methanol
(99.5%, Lingfeng Inc., Shanghai, China), and Pc (aluminum phthalocyanine chloride tetrasulfonate;
Frontier Scientific Inc., Logan, UT, USA). Other chemical agents included 2-(9H-fluoren-
9-ylmethoxycarbonylamino) oxyacetic acid (Fmoc-Aoa, Chem-Impex International, Inc.,
Bensenville, IL, USA), dimethylformamide (DMF, 98%, Sigma-Aldrich Inc., St. Louis,
MO, USA), N,N-diisopropylethylamine (DIPEA, 99.5%, Sigma-Aldrich Inc., St. Louis, MO,
USA), (benzotriazole-1-yloxy) tripyrrolidinophosphonium hexafluorophosphate (PyBOP, 98%,
EMD Chemicals, Inc., Gibbstown, NJ, USA), and piperidine (≥99.5%, Sigma-Aldrich Inc., St. Louis,
MO, USA).

N-TiO2-Pc nanoparticles were synthesized as described in our previous works [11]. Briefly,
nitrogen-doped titanium dioxides (N-TiO2) were obtained through the calcination of anatase TiO2 in
an ammonia atmosphere, and the N-dopant concentration was estimated to be 1.3%, as reported in
our previous study [15,23]. Then, the NPs were modified with the amino silanization method [14]
and coupled with Pc [11]. TiO2-Pc nanoparticles were synthesized following the same procedure
except for the calcination of anatase TiO2 in an ammonia atmosphere. As previously reported [11],
every 21.9 μg N-TiO2-Pc or TiO2-Pc contains 1.9 μg Pc, and the nanoparticles can be stably dispersed
in aqueous solution.

The ultraviolet-visible (UV/Vis) absorption spectra of the N-TiO2-Pc, TiO2-Pc, and Pc samples
were measured with a UV/Vis spectrometer (Shimadzu, UV3101pc, Tokyo, Japan).

4.2. Measurement of Reactive Oxygen Species (ROS)

The photo-induced generations of ROS in N-TiO2-Pc, TiO2-Pc, and Pc solutions were measured
via 2′7′-dichlorofluorescein (DCFH). With light irradiation, the non-fluorescent DCFH reacts quickly
with photo-induced ROS to form fluorescent DCF (2′7′-dichlorofluorescein). Thus, by measuring the
fluorescence intensity of DCF, the relative yield of the produced ROS could be estimated. The DCFH
solutions were prepared from the diacetate form DCFH (DCFH-DA) (Sigma-Aldrich Inc., St. Louis,
MO, USA) by adding 0.5 mL of 1 mM DCFH-DA in methanol into 2 mL of 0.01 M NaOH. The mixture
was kept in the dark for 30 min at room temperature before it was neutralized with 10 mL sodium
phosphate buffer (pH = 7.2) [10,24]. Then, samples in phosphate buffered saline (PBS) solutions were
individually mixed with DCFH (25 μM) before irradiation.

To evaluate the generations of specific reactive species, an OH•-sensitive fluorescence probe,
2-[6-(4-aminophenoxy)-3-oxo-3H-xanthen-9-yl]-benzoic acid (APF, Cayman Chemical, Ann Arbor,
MI, USA) [25], and an •O2

−/H2O2 sensitive fluorescence probe, dihydrorhodamine 123 (DHR,
Sigma-Aldrich Inc., St. Louis, MO, USA) [26], were used. Samples were mixed with APF (50 μM)
or DHR (125 μM) before irradiation. When photo-induced OH• or •O2

−/H2O2 reacts with the
non-fluorescent APF or DHR, the two probes can be converted to fluorescents quickly.

The sample solutions mixed with probes (or quenchers) were irradiated by a 150-W tungsten
halogen lamp with different light filters for 5 min, respectively. The light of 420–800 nm was obtained
with a 420 nm-longpass filter and an 800 nm-shortpass filter. The light of 420–575 nm was obtained
with a 420 nm-longpass filter and a 575 nm-shortpass filter. The irradiation power densities were
17.8 mW·cm−2 (420–800 nm) and 8.4 mW·cm−2 (420–575 nm). At the same time, the fluorescence
spectra were recorded by a fluorescence photometer (Hitachi, F-2500, Tokyo, Japan) with an interval of
1 min, and the fluorescent intensities were compared. The fluorescence intensities increased with the
irradiation time, and the lines in Figure 2 were fitted linearly.
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To further study the proportion of different specific ROS generated by the samples with
light irradiation, several quenchers for specific ROS were used, including superoxide dismutase
(SOD, 3IU, Beyotime, Jiangsu, China) for •O2

− [17] and glycerol (99%, Sangon Biotech, Shanghai,
China) for 1O2/•O2

− [16]. First, the fluorescence intensities of DCF with samples under irradiation
were recorded as references, and the intensity versus time was a linear line with a slope noted as
SREF. Then, specific quenchers were respectively added into the DCFH and sample solutions before
irradiation, where the concentrations of DCFH and samples were the same as that of the references.
During irradiation, the fluorescence intensities of DCF in the presence of specific ROS quenchers were
also recorded with an interval of 1 min. The lines of intensity with quenchers versus time were linear as
well, and the slopes were noted as SQ. Hence, the specific ROS percentages were obtained as 1 − SQ

SREF
,

and are listed in Table 1.

4.3. Cell Culture and Cytotoxicity Assay

HeLa cells were seeded in 96-well plates containing Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, Waltham, MA, USA) with 10% (v/v) fetal bovine serum (Sijiqing Inc., Hangzhou,
China), and incubated in a fully humidified incubator at 37 ◦C with 5% CO2 until reaching
80% confluence. Cells were incubated with a medium containing 5–20 μg·mL−1 N-TiO2-Pc or
TiO2-Pc (containing 0.48–1.9 μg·mL−1 Pc) for 1 h in the dark. For comparison, cells incubated with
0.48–1.9 μg·mL−1 Pc were studied as well. Then, cells were incubated in fresh medium after washing
three times and irradiated by the 150-W tungsten halogen lamp with different light filters, respectively.
The irradiation time was same for 420–800 nm and 420–575 nm, therefore the visible-light illumination
doses for cells were 15.9 J·cm−2 with 420–800 nm, and 7.5 J·cm−2 with 420–575 nm. The cells were
incubated in the dark for 24 h before the cell viability study.

The cell viability assays were conducted by a modified 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide (MTT) method using WST-8 (2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium, monosodium salt) (Beyotime, Jiangsu, China).
To each well, 100 μL culture medium with 10 μL of WST-8 solution was added. The cells were then
incubated at 37 ◦C with 5% CO2 for 2 h, and the absorbance of each well at 450 nm was recorded using
a microplate reader (Bio-Tek Instruments Inc., Winooski, VT, USA). The absorbance at 450 nm before
adding WST-8 was measured, and needed to be deducted to avoid any influence from nanoparticle
samples. Cells incubated in DMEM medium without any treatment were used as control groups.
Each experiment was conducted and measured independently at least three times.
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Abstract: Ti-Ni-Si-O nanostructures were successfully prepared on Ti-1Ni-5Si alloy foils via
electrochemical anodization in ethylene glycol/glycerol solutions containing a small amount of water.
The Ti-Ni-Si-O nanostructures were characterized by field-emission scanning electron microscopy
(FE-SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), and diffuse reflectance
absorption spectra. Furthermore, the photoelectrochemical water splitting properties of the Ti-Ni-Si-O
nanostructure films were investigated. It was found that, after anodization, three different kinds
of Ti-Ni-Si-O nanostructures formed in the α-Ti phase region, Ti2Ni phase region, and Ti5Si3 phase
region of the alloy surface. Both the anatase and rutile phases of Ti-Ni-Si-O oxide appeared after
annealing at 500 ◦C for 2 h. The photocurrent density obtained from the Ti-Ni-Si-O nanostructure
photoanodes was 0.45 mA/cm2 at 0 V (vs. Ag/AgCl) in 1 M KOH solution. The above findings make
it feasible to further explore excellent photoelectrochemical properties of the nanostructure-modified
surface of Ti-Ni-Si ternary alloys.

Keywords: anodization; TiO2 nanostructure; doping; photoelectrochemical water splitting

1. Introduction

Titanium dioxide (TiO2) has been intensively investigated as a favorable, eco-friendly photocatalyst
owing to its relatively low cost, nontoxicity, and stable chemical properties [1,2]. In 1972, TiO2 was
used as a photochemical water splitting catalyst for the first time [3]. Recently, TiO2 was demonstrated
to be a promising photocatalyst for photocatalytic water splitting and solar energy conversion with
high efficiency and photochemical stability [4–9]. However, the wide energy band gap (3.2 eV for
anatase and 3.0 eV for rutile) and the fast recombination of photogenerated electrons and holes are the
main drawbacks of TiO2-based photoanodes [10]. Therefore, modification strategies including foreign
element doping, surface decoration, and sensitization with dye have been adopted to overcome these
drawbacks over the last 30 years [11–16]. One of the most studied methods is the doping of TiO2

materials with metal ions or nonmetallic elements such as Ni, Ta, Nb, Fe, Zn, C, N, and so on [17–26].
Ti-alloy-based oxide nanotubes were fabricated through a direct anodization of TiNi binary alloy [17,18].

To date, few studies have been conducted on the anodic fabrication of Ti-Ni-Si-O nanostructures on
Ti-Ni-Si alloy substrates. Si has a much lower density than Ti (2.33 g/cm3 for Si vs. 4.54 g/cm3 for Ti)
as well as vast natural abundance, and it is environmentally friendly. Zhang et al. [27] found that
the presence of Si could impair the recombination of photogenerated electrons and holes effectively.
Also, the photocurrent density of Si-doped TiO2 electrodes was 2–3 times higher than that of undoped
TiO2 electrodes. In this work, Ti-Ni-Si-O nanostructures were successfully grown on Ti-Ni-Si ternary
alloy substrates via electrochemical anodization in ethylene glycol/glycerol solutions containing
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a small amount of water. The microstructures and photoelectrochemical properties, especially the
photochemical water splitting of Ti-Ni-Si-O nanostructures, were investigated.

2. Results and Discussion

Figure 1 presents the typical microstructural features of as-cast Ti-1 wt % Ni-5 wt % Si alloy.
Figure 1a shows the presence of multiphase, while Figure 1b shows a higher magnification image
of different phases. EDS (energy dispersive spectroscopy) was used to test the compositions in the
different phase regions. The EDS results are shown in Table 1. It was found that the gray region was α-Ti
matrix, and the average composition of the black network-like region was 76.42 wt % Ti, 0.10 wt % Ni,
and 23.48 wt % Si. Combined with the phase diagram calculated by Thermo-Calc software, it could be
concluded that they were Ti5Si3 structures. In addition, the bright strip-like region was identified as
the Ti2Ni phase [28]. It is noticeable that the quantity of the Ti5Si3 phase was much more than that of
the Ti2Ni phase.

 
Figure 1. Typical microstructure of Ti-1Ni-5Si alloy: (a) Optical micrograph; (b) SEM image.

Table 1. Compositions of the α-Ti phase, Ti2Ni phase, and Ti5Si3 phase of the alloy.

EDS Testing Areas
Elements (wt %)

Ti Ni Si

α-Ti phase 98.81 0.12 1.07
Ti2Ni phase 88.02 11.89 0.09
Ti5Si3 phase 76.42 0.10 23.48

For the multi-phase Ti-1Ni-5Si alloy, the anodization process was not a uniform one due to
the different anodization characteristics of different phases. Figure 2 shows SEM (scanning electron
microscopy) images of different Ti-Ni-Si-O nanostructures grown in the α-Ti phase, Ti2Ni phase,
and Ti5Si3 phase regions. Obviously, three kinds of nanostructures formed on the surface of the alloy
films. One was a self-organized nanotube array formed in the α-Ti phase region. The second was
a nanotube array under the corrosion pits in the Ti2Ni phase region. The third constituted irregular
nanopores formed in the Ti5Si3 phase region. The Ti-Ni-Si-O nanotubes formed in the α-Ti phase
region and the nanopores formed in the Ti5Si3 phase region had a pore diameter of about 64 nm.
Table 2 shows the compositions tested by EDS for the α-Ti phase, Ti2Ni phase, and Ti5Si3 phase regions
after anodization. It is noticeable that the Si element was still rich in the Ti5Si3 phase regions while the
Ni element was relatively rich in the Ti2Ni phase regions.
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Figure 2. SEM images of scratched Ti-Ni-Si-O nanostructures showing: (a) nanotubes grown in the
α-Ti phase region and Ti2Ni phase region; (b) nanopores grown in the Ti5Si3 phase region.

Table 2. Compositions in the α-Ti phase, Ti2Ni phase, and Ti5Si3 phase regions after anodization.

EDS Testing Areas
Elements (wt %)

Ti Ni Si O

α-Ti phase region 56.48 – 1.06 42.46
Ti2Ni phase region 66.77 1.94 0.82 30.47
Ti5Si3 phase region 60.35 – 9.74 29.91

The formation of TiO2 nanotubes by anodization can be roughly divided into two steps. In the
first step, an initial barrier layer is formed on the electrolyte-metal interface. Then, an oxide barrier
layer is randomly distributed by the chemical etching action of fluoride ions, resulting in the growth
of nanotubes under the top oxide layer [29,30]. During the final step, the pore growth morphology
gradually changes to a homogeneous and self-organized morphology. Thus, a competition between
the formation and the dissolution of the oxides always takes place during the anodization process [31].
For the anodization of the Ti-Ni-Si alloy here, the Ti2Ni phase region and Ti5Si3 phase region should
have a much quicker dissolution rate in the anodization electrolyte than the α-Ti phase region.
For the Ti2Ni phase, the dissolution rate of the oxides was so fast that there was no time to form
any nanostructures. Thus, only etching pits were left in this region. In the Ti5Si3 phase region,
the dissolution rate was faster than the formation rate of the oxides; thus, it was difficult to form
nanotube structures. Instead, nanopores formed in this region. With a slower dissolution rate in
the α-Ti phase region, the formation of stable Ti-Ni-Si-O nanotubes became easier than that in the
other phase regions. Our previous literature [32] reported the similar phase-dependent anodization of
the two-phase Ti6Al4V alloy. Ti-Al-V-O nanotube arrays formed in the α-phase region and irregular
Ti-Al-V-O nanopores formed in the V-riched β-phase region of the Ti6Al4V alloy. The solubility of
vanadium oxide in the F−-containing electrolyte played an important role in the competition between
the formation and dissolution of the oxides. It could be concluded that for the present anodization
system, the phase-dependent anodization was hard to control for a uniform formation of nanotube
arrays on top of the multiphase substrate.

The as-anodized Ti-Ni-Si-O nanostructures were found to be amorphous, and they could
crystallize after the annealing process. XRD was adopted to determine the crystal structure and possible
phases during annealing. Figure 3 presents the XRD patterns of the as-anodized and the annealed
Ti-Ni-Si-O nanostructures. In the diffraction pattern of the annealed sample, two sharp diffraction
peaks centered at 2θ angles of 40.2◦ and 62.9◦ were assigned to Ti metal (JCPDS card No. of 65-9622,
Jade 5.0) from the substrate. The diffraction peaks at 25.3◦ and 75.0◦ could be assigned to the anatase
phase (JCPDS card No. 21-1272, Jade 5.0) of TiO2. The peaks at 27.4◦ and 69.0◦ represented the rutile
phase (JCPDS card No. 21-1276, Jade 5.0) of TiO2. The diffraction peaks at 36.8◦, 40.8◦, 41.9◦, 42.6◦,
61.2◦, and 66.4◦ were indexed to the characteristic peaks of Ti5Si3 (JCPDS No. 65-3597, Jade 5.0) from the
substrate. No diffraction peaks related to the Ti2Ni phase could be detected by XRD. In the diffraction
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pattern of the as-anodized sample, neither the anatase phase nor rutile phase could be observed.
As shown in Figure 3, the amorphous structure of Ti-Ni-Si-O nanostructures had transformed into
both anatase and rutile structures after annealing at 500 ◦C for 2 h. The anatase phase was found to be
the major oxide phase.

 
Figure 3. XRD patterns of the as-anodized and the annealed Ti-Ni-Si-O nanostructures.

Figure 4 shows the UV-Vis diffuse reflectance absorption spectra of the annealed Ti-Ni-Si-O
photoanode. The band gap energy of the photoanode was estimated by using Tauc’s method. It was
observed that the Ti-Ni-Si-O photoanode showed an absorption edge at 402 nm. The band gap value
was 3.08 eV, which was between the anatase band gap (3.2 eV) and the rutile band gap values (3.0 eV).
The presence of both the anatase structure and rutile structure was attributed to the obtained band gap
value [11].

 

Figure 4. UV-Vis diffuse reflectance absorption spectra of the annealed Ti-Ni-Si-O photoanode.

The photoelectrochemical water splitting behavior of Ti-Ni-Si-O nanostructures is shown in
Figure 5. The linear sweep was collected for the Ti-Ni-Si-O photoanodes with a scan rate of 50
mV/s. The photocurrent density was 0.45 mA/cm2 at 0 V (vs. Ag/AgCl). The photocurrent under
illumination was distinguishable from the dark current. Figure 4b presents photocurrent density vs.
time scans for the Ti-Ni-Si-O photoanodes measured at 0 V (vs. Ag/AgCl). It could be seen that the
photocurrent density was 0.45 mA/cm2, which was in accordance to the results of the linear sweep
experiment. The samples demonstrated stable and instantaneous changes as well as reproducible
responses in the photocurrent after many illumination on/off cycles.
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Figure 5. Photoelectrochemical water splitting behavior of Ti-Ni-Si-O nanostructures: (a) I-V curves in
dark and under illumination; (b) transient photocurrent responses.

Electrochemical properties for Ti-Ni-Si-O nanostructure photoanodes annealed at 500 ◦C for
2 h were investigated, and the corresponding results are shown in Figure 6. Figure 6a shows the
open-circuit potential (OCP) of Ti-Ni-Si-O photoanodes with time upon turning off the illumination.
Without illumination, the OCP was about −0.50 V (vs. Ag/AgCl). As soon as the light was switched
on, the OCP rapidly shifted negatively to a value of −0.80 V (vs. Ag/AgCl) due to the photogeneration
of electron-hole pairs [33]. When turning off the illumination, the OCP gradually shifted positively to
a steady state. These results indicated that the Ti-Ni-Si-O photoanodes had remarkable photoelectric
conversion characteristics. The difference between the dark potential and light potential was about
0.3 V, which was the inherent characteristic of TiO2 [34].

The carrier concentration (Nd) and flat-band potential (VFB) can be calculated from the
Mott-Schottky equation [35,36]:

1
C2 = (

2
e0εε0Nd

)[(V − VFB)− kT
e0

]

where C is the capacitance of the space-charge region, e0 is the electron charge (1.602 × 10−19 C), ε is the
dielectric constant of TiO2 (ε = 41.4 for anatase TiO2 and 154.2 for rutile TiO2 [37]), ε0 is the permittivity
of free space (8.854 × 10−12 F/m), Nd is the donor density of N-type semiconductor (carriers/cm3), V is
the applied potential bias at the electrode, k is the Boltzmann’s constant (1.38 × 10−23 J/K), and T is
the absolute temperature. It can be seen that there is a linear relationship between 1/C2 and VFB.
Furthermore, the flat-band potential VFB can be calculated from the extrapolation of the line to
1/C2 = 0. Moreover, the carrier concentration can be obtained from the slope of the Mott-Schottky
equation. Figure 6b presents Mott-Schottky plots of Ti-Ni-Si-O photoanodes with a frequency of
1000 Hz. It was calculated that the flat-band potential was −0.625 V (vs. Ag/AgCl). The carrier
concentration was in the range of 2.13 × 1016/cm3 to 8.57 × 1016/cm3 for Ti-Ni-Si-O photoanodes,
which was comparable with those of pure TiO2 photoanodes [23]. Simelys et al. [38] reported that
a higher carrier concentration could facilitate the charge separation at the semiconductor-electrolyte
interface, and the carrier concentration reached up to 7.05 × 1019/cm3 for the TiO2 nanotubes with
a thickness of about 1.5 μm. The samples here showed a positive slope in the Mott-Schottky plots,
as expected for an N-type semiconductor.
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Figure 6. (a) Open-circuit potential of Ti-Ni-Si-O nanostructure photoanodes; (b) Mott-Schottky plots
of Ti-Ni-Si-O nanostructure photoanodes with a frequency of 1000 Hz.

3. Materials and Methods

Ti-Ni-Si-O oxide films on the alloy substrate were synthesized through a direct anodic oxidation
process. Prior to the anodization, the Ti-1Ni-5Si alloy foils with a size of 20 mm × 10 mm × 1 mm were
mechanically polished and ultrasonically degreased in acetone and ethanol, rinsed with deionized
water, and finally dried in air. The anodization was carried out in a conventional two-electrode
electrochemical cell with the alloy foil as a working electrode and the platinum foil as a counter
electrode at room temperature. All of the samples were anodized at a pulse voltage of 40 V with
a constant frequency of 4000 Hz and a duty cycle of 50% for 90 min in an electrolyte of 5 vol %
ethylene glycol/glycerol (Shanghai Lingfeng Chemical Reagent Co., Ltd., Shanghai, China) containing
0.30 M (NH4)2SO4 and 0.4 M NH4F (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) as well
as 3 vol % deionized water. After anodization, the samples were immediately rinsed with deionized
water and subsequently dried in air. All of the samples were annealed at 500 ◦C for 2 h in air to
transform amorphous oxide into crystalline phases.

The structure and morphology of the oxide film were characterized through field emission
scanning electron microscopy (SEM, FEI SIRION 200, Hillsboro, OR, USA). The chemical compositions
were analyzed by energy dispersive spectroscopy (EDS, INCA X-ACT, Oxford, UK). The crystalline
phase was characterized with an X-ray diffractometer (Rigaku Ultima IV, Tokyo, Japan) with Cu Kα

radiation (λ = 0.15406 nm) at 40 kV and 30 mA with a scan speed of 5◦/min over a 2θ range from
10◦ to 80◦. Diffuse reflectance absorption spectra were collected by a UV-visible spectrometer (Perkin
Elmer Inc., Lambda 750S, Waltham, MA, USA) with BaSO4 as a reference. The photoelectrochemical
measurement of different photoanodes was performed in 1 M KOH solution using a typical
three-electrode system with oxide photoanode as a working electrode, Pt as a counter electrode,
and Ag/AgCl as a reference electrode. A 150 W Xe lamp (Lanpu XQ350W, Shanghai, China) was used
as a light source and the intensity of light illumination was controlled at 100 mW/cm2. The illuminated
area of the working electrode was 1 cm2.

4. Conclusions

In summary, Ti-Ni-Si-O nanostructures were successfully fabricated through electrochemical
anodization for photoelectrocatalytic water splitting. It was found that after anodization, three kinds
of Ti-Ni-Si-O nanostructures grew in the α-Ti phase region, Ti2Ni phase region, and the Ti5Si3 phase
region of the alloy surface. Both anatase and rutile structures of Ti-Ni-Si-O oxide appeared after
annealing at 500 ◦C for 2 h. The photocurrent density obtained from the Ti-Ni-Si-O nanostructure
photoanodes was 0.45 mA/cm2 at 0 V (vs. Ag/AgCl) in 1 M KOH solution. The above findings make it
feasible to further explore the excellent photoelectrochemical properties of the nanostructure-modified
surfaces of Ti-Ni-Si ternary alloys.
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Abstract: The microstructuring of the distribution of silver nanoparticles (NPs) in mesoporous titania
films loaded with silver salts, using two-beam interference lithography leading to 1 Dimension
(1D) grating, induces variations in the photocatalytic efficiency. The influence of the structuration
was tested on the degradation of methyl blue (MB) under ultraviolet (UV) and visible illumination,
giving rise to a significant improvement of the photocatalytic efficiency. The periodic distribution of
the NPs was characterized by transmission electron microscopy (TEM), high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) and scanning electron microscopy (SEM).

Keywords: microstructuring; titania; visible; nanoparticles; sol-gel; photocatalysis

1. Introduction

Titanium dioxide (TiO2) is one of the most investigated and widely used photocatalyzers for the
photodegradation of pollutants in water and air [1]. Nevertheless, as a result of its large band gap,
the photocatalytic activity of TiO2 is only activated under ultraviolet (UV) light, which limits its use
for indoor-environment applications [2]. Therefore, the development of photocatalysts showing a high
activity under visible light irradiation is needed in order to be able to use the sunlight or rays from
artificial sources more effectively in photocatalytic reactions. Many studies have attempted to develop
visible light-sensitive photocatalysts using, for example, TiO2 doped with metallic nanoparticles (NPs)
such as Au, Ag or Cu [2–5]. This approach seems to be of interest for improving the photocatalytic
effect in visible light due to the localized surface plasmon resonance band (LSPR) of the metallic NPs,
which induces a high absorption in the visible range. At the interface between metallic NPs and TiO2,
there is a potential barrier (Schottky barrier) that is low enough to allow the excitation of electrons
at the surface of the metallic NPs in the conduction band of TiO2. The released charges lead to the
same photocatalytic effect as in TiO2 excited by UV. However, any change in the size and/or shape
of the metallic NPs and their distribution and concentration, as well as the optical properties of their
environment, will have significant effects on their LSPR and consequently on the overall efficiency of
the device [5–7]. This can even lead to a counterproductive effect; the non-resonant metallic NPs can act
as recombination sites for the photo-generated electrons [5]. Despite extensive investigations, most of
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the developed systems are not suitable for practical indoor applications because of both the small
amount of light present in this environment and the low light-harvesting efficiency of the devices [2,8].

In this paper, we propose to increase the photocatalytic efficiency of TiO2 films loaded with
silver salts, using a direct film microstructuration and periodic NP distribution close to the films’
surface using UV laser interference lithography. The structures are characterized by transmission
electron microscopy (TEM), high-angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) and scanning electron microscopy (SEM). Their photocatalytic efficiency has been
obtained from the degradation of methyl blue (MB) during UV and visible illumination.

2. Results

The films used in this work were mesoporous TiO2 xerogel films deposited on glass substrates.
After deposition, the films were doped with silver salts by soaking them for 1 h in an aqueous
ammoniacal silver nitrate solution at 0.75 M. After synthesizing the films, different treatments were
carried out on their surface. The first was a homogeneous UV illumination for 30 min with two
lamps emitting at 254 nm and each delivering a power of 15 W. This illumination allowed the silver
salts to be reduced and a homogenous distribution of silver NPs in the uppermost 80–100 nm layer
of the film to be produced (Figures 1a,d and 2b). Silver NP growth inside the mesoporous TiO2

matrix [9] leads to a certain diameter distribution of the silver NPs, which has been estimated by
image processing [10] to be in the range of 1 to 12 nm in diameter with a maximum particle size
distribution of around 5 nm in diameter (Figure 1g). Before illumination, the films were transparent
and the spectroscopic measurement (PerkinElmer Lambda 900) showed no absorption bands in the
UV or visible range, but after illumination, a large absorption band centered around 460 nm appeared
(Figure 3a). This absorption band was due to the LSPR resulting from the presence of silver NPs in the
TiO2 matrix.

 

Figure 1. Transmission electron microscopy (TEM) (a–c) and high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) (d–f) images of cross-section of samples UV15min
(a,d), r252nm (b,c) and r600nm (e,f). Nanoparticle (NP)-size histograms deduced from image processing
carried out on the HAADF-STEM images of samples UV15min (g), r252nm (h) and r600nm (i).
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Figure 2. (a) Sketch of the holographic bench. Scanning electron microscopy (SEM) images of samples
UV15min (b), r600nm (c), r252nm (d) and TiO2 (e).

 

Figure 3. (a) Absorbance spectra of glass substrate (glass), TiO2, UV15min, r252nm and r600nm
samples. (b) Absorbance variation of methyl blue (MB) solution during the visible illumination of the
sample r600nm. (c,d) Absorbance variation at 660 nm normalized by the absorbance at the initial state
(t = 0 s) for the different samples under ultraviolet (UV) or visible illumination, respectively.

In order to test the influence of microstructuring on the film of silver NPs, two different
gratings were realized on the film’s surface, corresponding to a 1 Dimension (1D) periodic index
variation close to the film’s surface. The design of the grating was optimized to couple the desired
incident wavelength into the film. The first grating coupled the light at a wavelength inside the
LSPR (~430 nm), whilst the second coupled the light at a wavelength outside the LSPR (~1020 nm).
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The gratings were fabricated by two-beam interference lithography (Figure 2a), using a laser of 325 nm
wavelength delivering a continuous wave power of 100 mW. The polarized laser beam was split
into two arms, which were recombined on the sample, where the overlap created an interferogram
during the illumination in the form of a 1D periodic intensity modulation, whose fringe period
(Λ) was fixed by the angle (θ) and the wavelength (λ) according to the equation Λ = λ/(2· sin(θ)).
The mirrors were mounted on rotation stages and the substrate holder was placed on a rail to allow
for automatic tuning of the period. The exposure time for each structure was very long at about
1.5 h, and vibrations had to be kept to a minimum by mounting the optical bench on an air cushion
table to filter low-frequency vibrations. Additionally, one of the interferometer arms used a mirror
mounted on a piezoelectric motor controlled in a feedback loop by a measurement of the interference
fringe positions allowing for a stabilization of the fringe pattern against air convection effects and
higher-frequency vibrations. Considering an average refractive index of 1.7 for mesoporous TiO2

films (index obtained by ellipsometry measurement), the fringe period required to obtain a grating of
NPs capable of coupling the light at the wavelengths of 430 and 1020 nm into the TiO2 matrix were
430/1.7 = 252 nm (sample r252nm) and 1020/1.7 = 600 nm (sample r600nm), respectively.

Figure 1 shows images of the realized gratings, obtained by TEM (Figure 1b,c) and HAADF-STEM
(Figure 1e,f), and Figure 2 shows the images of gratings by SEM (Figure 2c,d). For the two structures,
most of the silver NPs were localized in the first 80–100 nm from the film’s surface and had a diameter
of around 2–4 nm with a maximum at 3 nm (Figure 1h,i). The period obtained for the sample r252nm
was ~252 nm and this was ~600 nm for the sample r600nm. The NPs induced film coloration and an
absorption band in the visible range. The absorbance spectra recorded in the visible range (Figure 3a)
showed a similar level of absorbance for all samples with NPs (r252nm, r600nm and UV15min).
For these different samples, the degradation of MB was studied over 40 min under UV light by
monitoring the absorbance of the MB solution at a wavelength of 660 nm (Figure 3c). After examining
the behavior for UV illumination, the photocatalytic activity of the fabricated films was also tested
under visible light exposure by investigating the MB degradation using a solar simulator lamp with
a cut-off filter at 400 nm and monitoring the absorbance of the MB solution (Figure 3b). Figure 3d
shows the absorbance variation at a wavelength of 660 nm during the 40 min of illumination.

3. Discussion

The results obtained during UV illumination (Figure 3c) show that the samples with NP gratings
had a degradation rate similar to a non-photocatalytic sample (glass substrate), which means that the
samples were essentially not photocatalytic under UV light. The mesoporous TiO2 film, which had
a size of pores between 5 and 15 nm (Figure 2e), had a slightly higher degradation rate. The low
degradation efficiency of the TiO2 film could be explained by the fact that it was mainly amorphous [11]
and therefore not very catalytic under UV light. A better result was obtained for the sample with
a homogeneous distribution of silver (UV15min sample). It is well known that the quantity of silver
NPs present inside the TiO2 matrix can improve [12] (by limiting the recombination of electron–hole
pairs photogenerated in the TiO2) or inhibit [13] (NPs serving as a recombination site for photo-induced
charges) the photocatalytic effect of TiO2. If we assume that the presence of silver NPs improves
the photocatalytic effect of the TiO2 matrix, the samples with silver NPs (r252nm and r600nm films)
should have been more photocatalytic than samples without them (TiO2). However, the yield was
lower than for the pure TiO2 films. Consequently, silver NPs seem to inhibit the photocatalytic effect
of TiO2 rather than improve it. The improvement of the photocatalytic effect could also be due to the
increase in crystallization of the TiO2 matrix (TiO2 crystallized in anatase phase is more photocatalytic
than amorphous TiO2). Initially, the used films are amorphous, but during UV or visible illumination,
even if a low intensity is used, the growth or oxidation of silver NPs can induce a temperature rise
that can initiate in their vicinity the crystallization of TiO2 in nanocrystals of anatase, brookite or rutile
phase [11]. The increase in the number of silver NPs can thus lead to a greater number of anatase
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TiO2 nanocrystals in the film and consequently improves its photocatalytic efficiency. Currently,
the influence of each mechanism is unclear and remains to be studied.

During the visible illumination, the sample with a NP grating period of 252 nm showed a better
photocatalytic activity (Figure 3d); it allowed for an increasing of the degradation rate of MB by a factor
of 2.5 compared to the pure TiO2 sample, and by a factor of 1.75 compared to the UV/TiO2 sample.
The sample with a NP grating period of 600 nm showed a MB degradation similar to that of the sample
with the homogeneous distribution of silver NPs. The degradation rates obtained were not only due
to the films but also to the light irradiation conditions. If a sample with no photocatalytic activity
(glass substrate) was exposed to the same illumination conditions (Figure 3d), one could also observe
a degradation of MB, but in this case the degradation time was shorter (the same overall absorbance
variation of MB was obtained 7 min later). If a mesoporous TiO2 film without silver salts (Figure 3d)
was exposed to the same illumination condition, the degradation rate of MB was the same as for a glass
substrate; that is to say that the mesoporous TiO2 films had no photocatalytic activity under visible
irradiation. This confirmed, as it has already been shown in several articles, that the presence of silver
NPs in the TiO2 matrix is essential to its photocatalytic activity in the visible range [5]. Furthermore,
these results show that the distribution of the silver NPs in the TiO2 matrix also has an impact on the
degradation of MB under visible light. A suitable structuring of the distribution of the silver NPs in the
form of a periodic grating allows for increasing (sample r252nm) the photocatalytic efficiency of the
TiO2/Ag films; however, the parameters need to be chosen carefully, as it has been shown that it is also
possible to decrease (sample r600nm) the photocatalytic efficiency. For the sample r252nm, the periodic
structuring allowed for an increase in the amount of light absorbed by the films at wavelengths
comprised in the LSPR band, increasing the number of available charges. However, the structuring
could also change the photocatalytic efficiency by influencing the electron–hole recombination, which is
an important point that needs to be clarified in subsequent studies.

4. Materials and Methods

The process to synthetize mesoporous TiO2 films is detailed in [14]. Their thicknesses were
estimated by profilometry (Dektak XT, Bruker, Wissembourg, France) and ellipsometry (SEMILAB
GES5-E, Semilab, Budapest, Hungary) to be 150 ± 50 nm, and the porosity volume fraction was
estimated at 27%. The size of their pores varied between 5 and 15 nm. Initially the films were mostly
amorphous and transparent [11].

The photocatalytic reaction system for UV illumination was composed of two UV lamps of
15 W emitting at 254 nm. For illumination in the visible spectrum, the system consisted of a solar
simulator lamp (Newport 94011A Sol series Solar Simulator, Newport, Irvine, CA, USA) equipped
with a cut-off filter at 400 nm. A drop of 500 μL of MB (Aldrich, Saint Louis, MO, USA) at 10−4 M
was deposited on the films’ surface, using substrates of size 2.5 × 2.5 cm2. After 30 min in the
dark, at room temperature in air, the films were exposed in the UV and in the visible spectrum.
During the exposition, the absorbance of the MB solution was recorded every 2 min by a UV–visible
spectrometer (Ocean Optics HR2000+, Ocean Optics, Winter Park, FL, USA). MB degradation was
detected by measuring the absorption at a wavelength of 660 nm. For UV illumination, a white
lamp with an intensity of 1 μW·cm−2 was added to allow for an absorbance measurement at 660 nm.
All experiments were conducted at room temperature in air.

5. Conclusions

In summary, we have shown that microstructuring of a TiO2/Ag film influences the photocatalytic
efficiency of films on the degradation of MB under visible light. A film for which silver NPs are
distributed in the form of a periodic 1D grating fabricated by two-beam interference lithography,
whose period has been chosen to couple more light in the film at the wavelength of the localized surface
plasmon resonance of the silver NPs allows for an increasing of the photocatalytic efficiency of the TiO2

films in white light by a factor of 2.5 compared to a film without NPs and by a factor of 1.75 with respect
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to a film with a homogeneous distribution of the NPs. For the opposite, a film with an unsuitable
structuring (wavelength coupled outside the LSPR of silver NPs) decreases the photocatalytic efficiency
of the device relative to a film with a homogeneous distribution. We also showed that under UV
illumination, the structuring did not have a measurable effect, and the photocatalytic behavior on the
degradation of the MB was not very effective overall. The increase in the photocatalytic efficiency
shown in this work can make it possible to consider microstructuring of TiO2/Ag films for applications
in the field of indoor air treatment, which is currently limited by the low efficiency of the homogeneous
TiO2/Ag films, in particular as a result of light sources present in this environment, whose intensities
are comparably low with a weak amount of UV light. Instead of using a linear grating, the TiO2/Ag film
can be microstructured with a two-dimensional grating of NPs and/or a two-dimensional topographic
grating, which will allow a further increase in the photocatalytic efficiency in the visible range by
taking into account the (usually) non-polarized nature of natural light.
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Abstract: Electric potential produced in deformed piezoelectric nanostructures is of significance
for both fundamental study and practical applications. To reveal the piezoelectric property of ZnO
nanohelices, the piezoelectric potential in single-crystal nanohelices was simulated by finite element
method calculations. For a nanohelix with a length of 1200 nm, a mean coil radius of 150 nm,
five active coils, and a hexagonal coiled wire with a side length 100 nm, a compressing force of 100 nN
results in a potential of 1.85 V. This potential is significantly higher than the potential produced in a
straight nanowire with the same length and applied force. Maintaining the length and increasing the
number of coils or mean coil radius leads to higher piezoelectric potential in the nanohelix. Appling
a force along the axial direction produces higher piezoelectric potential than in other directions.
Adding lateral forces to an existing axial force can change the piezoelectric potential distribution in
the nanohelix, while the maximum piezoelectric potential remains largely unchanged in some cases.
This research demonstrates the promising potential of ZnO nanohelices for applications in sensors,
micro-electromechanical systems (MEMS) devices, nanorobotics, and energy sciences.

Keywords: piezotronic; numerical simulation; nanohelix; FEM

1. Introduction

Helical structures have been widely used in industry due to their low stiffness and superior
capability to resist large axial strain, while helical structures are also the fundamental configuration for
DNA and many other biomolecules. Three-dimensional helical nanostructures of zinc oxide (ZnO)
have also been investigated, such as nanohelices [1–3], nanorings formed by self-coiling nanobelts [4,5],
and nanosprings [6–8]. ZnO helical nanostructures showed superelastic behavior, and their spring
constant increased continuously up to 300–800% when they were stretched [2]. As a piezoelectric
material, ZnO nanostructures generate piezoelectric potential when exposed to physical stimulation,
such as stretching, compression, and bending. Taking advantage of this phenomenon, ZnO has been
used to fabricate nanogenerators for energy harvesting [9–12]. ZnO is also a semiconductor material.
Piezoelectric potential can alter electronic transport in ZnO nanostructures, which has resulted in
novel devices, e.g., piezoelectric field effect transistors [13], strain sensors [14,15], programmable
electromechanical memories [16], and logic circuits [17].
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Considering the importance of piezoelectric potential in ZnO nanostructures for their applications
in electronics, sensors, actuators, and nanogenerators, the distribution and effects of piezoelectric
potential in ZnO nanowires have been studied. Lippman theory [18–20] has been applied to predict the
distribution of equilibrium potential in a deformed ZnO nanowire. Wang calculated the piezoelectric
potential in a bent ZnO nanowire, and a numerical calculation of the piezoelectric potential distribution
in a ZnO nanowire without doping was carried out. The potential difference was around 0.4 V in a
ZnO nanowire grown along the c-axis with a length of 1200 nm and a hexagonal side length of 100 nm
under a compressing force of 85 nN [9]. The calculation results were verified by later measurements of
the asymmetric voltage distribution on the tensile and compressive side surfaces of a ZnO nanowire [9].
Experimental measurements and numerical modeling works revealed that the piezoelectric potential
can cause a re-distribution of free charge carriers in ZnO nanowires and modify the electronic transport
of ZnO nanowire-based devices. However, for the piezoelectric potential of ZnO, current studies are
mainly limited to nanowires.

Owing to the enriched physical and chemical properties, the unique spiral geometry of helical
nanostructures was studied to discover novel properties for new nanodevice design and fabrication.
Chen studied the mechanics of carbon nanocoils. They found that the spring constant K stays constant
with increasing elongation when the spring had lower helical angles, and that the carbon nanocoil
returned completely to its relaxed geometry after loading without apparent plastic deformation [21].
For potential device applications, the mechanical properties [22,23], electrical properties [24–26], optical
properties [27,28], and magnetic properties [29] of helical nanostructures of several materials were
studied. Nevertheless, the study of piezoelectric potential in helical nanostructures is still lacking.

Ultrasmall, deformation-free, single-crystal nanohelices of piezoelectric ZnO have been reported [1].
It has been shown that the electrostatic interaction between polar surfaces plays an important role
in forming the deformation-free nanohelices. In this work, we used a three-dimensional (3D) finite
element method (FEM) to examine the piezoelectric potential in ZnO nanohelices. We discussed the
effects of the number of coils, mean radius of the nanohelix, and applied forces on the piezoelectric
potential. We focused on the equilibrium piezoelectric potential and showed that nanohelices could
produce significantly higher potential than a nanowire with the same height under the same force.
These results indicate that ZnO nanohelices can be excellent candidates for fabricating piezoelectric
nanodevices, such as nanogenerators, actuators, and nanosensors.

2. Model and Method

2.1. Model Configuration

Figure 1 shows the structure of a ZnO nanowire and a ZnO nanohelix. The ZnO nanowire in
Figure 1a is modeled as a cylinder with a hexagonal cross-section in the a-b crystallographic plane and
its c-axis along the z-axis; Figure 1b shows a deformation-free, single-crystal nanohelix of piezoelectric
ZnO with a hexagonal cross-section in the a-c crystallographic plane and its c-axis along the z-axis.
Nanowires are normally grown along their c-axis, which is along the z-axis in Figure 1a. The ZnO
nanohelix in Figure 1b is formed by a wire with a hexagonal cross-section. The center line of the
ZnO nanohelix coincides with the z-axis. A sequential rotation in the growth direction results in a
non-twisted single-crystal structure for the entire nanohelix [1]. The details of the growth and structure
characterization of the nanohelix are reported in Reference [1]. The hexagonal side length D and
total length along the major axial direction L are assumed to be the same for the nanowire and the
nanohelix. The mean radius of the coil and the number of coils of the nanohelix are represented by R
and T, respectively. Studies of right-handed nanohelices and left-handed nanohelices produced similar
results, and the results of right-handed nanohelices are presented here.
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Figure 1. Schematic illustration of (a) ZnO nanowire and (b) ZnO nanohelix. Both nanostructures have
a hexagonal cross-section with the same side length D and height L. The nanohelix has a number of
coils T and a mean radius of coil R.

We assumed that there is no body force f b
e and no free charge carriers ρb

e in order to simplify
the computation and focus on the piezoelectric potential created in the nanowires and nanohelices.
The effect of free charge carriers in nanowires has been investigated and reported [19,30]. A more
comprehensive evaluation of piezoelectric nanohelices with free charge carriers considered is the
subject of a future study. The modeling parameters are given in Table 1 [31].

Table 1. List of parameters for modeling.

Parameters Value

Density (kg/m3) 5680

Elastic constants

c11 (GPa) 209.7
c12 (GPa) 121.1
c13 (GPa) 105.1
c33 (GPa) 211.3
c44 (GPa) 42.3
c55 (GPa) 43.6

Piezoelectric constants

e31 (C/m2) −0.57
e33 (C/m2) 1.32
e15 (C/m2) −0.48

Relative dielectric constants

κr
⊥ 8.54

κr
‖ 10.20

2.2. FEM Modeling of Nanowires and Nanohelices

Since there is no body force in the nanostructures, the divergence of the stress tensor σ should be
zero in the static piezoelectric problem [19,20]:

∇ · σ =
⇀
f

b

e = 0 (1)

where σ is the stress tensor.
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The constitutive relation between stress σ and electric displacement
⇀
D is governed by the

fundamental piezoelectric equations:

{
σp = cpqεq − ekpEk
Di = eiqεq + κikEk

(2)

where cpq is the linear elastic constant, ε is the strain, ekp is the linear piezoelectric coefficient, κik is the
dielectric constant, and E is the electric field.

By assuming no free charge ρb
e in the nanowire or the nanohelix, the Gauss equation must

be satisfied:
∇ ·⇀D = ρb

e = 0 (3)

and the compatibility equation should be satisfied:

∇×∇× ε = 0 (4)

We calculated the piezoelectric potential in nanowires and nanohelices by solving the above
nonlinear partial differential Equations (1)–(4) with the program COMSOL Multiphysics®. The bottom
face of the nanowire and the nanohelix was fixed and electrically grounded in our model. A force was
applied only to the top end, and the piezoelectric potential was numerically calculated. A nanowire
and a nanohelix with the same side length and height were simulated to compare their piezoelectric
potentials when exposed to the same force. A series of nanohelices with different numbers of coils
and mean radii of the coil were calculated to reveal the change of piezoelectric potential in a helical
structure. The effect of force direction was also investigated.

3. Simulation Results and Discussion

3.1. Pizeoelectric Potential and Displacement of the ZnO Nanohelix and Nanowire

The piezoelectric potential has been extensively calculated for ZnO nanowires, and the fabrication
of nanowire-based nanogenerators has seen great success. It is of great interest to know the piezoelectric
potential in other nanostructures. In our initial study, we considered a nanowire and a nanohelix with
the same side length D = 100 nm and height L = 1200 nm. The nanohelix had five coils and a mean
radius of coil of R = 150 nm. A compressing force of F = 100 nN was applied to the nanowire at the top
surface along the z-axis, and the same force of F was also applied on the upper cross-section of the
nanohelix parallel to the z-axis, such that the nanowire and the nanohelix were compressed. Calculated
piezoelectric potentials in the nanowire and the nanohelix are shown in Figure 2.
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Figure 2. The piezoelectric potential distribution in (a) ZnO nanowire and (b) nanohelix under a
compressing force of 100 nN along the z-axis.
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In Figure 2a, the red side is ground and the blue side is the negative potential side. The nanowire
in Figure 2a shows a maximum piezoelectric potential of 0.48 V in the nanowire and the top surface
shows a maximum displacement of 0.03 nm. A maximum piezoelectric potential around 0.4 V was
obtained when we applied an 85 nN compressing force in the same way. This is consistent with a
previous work, and lends confidence to our simulation results [9]. The nanohelix has a greatly reduced
stiffness due to its helical structure. In Figure 2b, the blue side is ground and the red side is the positive
potential side. The maximum displacement of the nanohelix in Figure 2b reached 10.2 nm under
the same 100 nN compressing force. The numerical computation revealed a maximum piezoelectric
potential of 1.85 V at the top of the nanohelix, which is significantly greater than the piezoelectric
potential of 0.48 V found in the nanowire. Owing to the single-crystal structure, the same height ZnO
nanohelix can be thought of as a longer ZnO nanowire. By the piezoelectric potential, the piezoelectric
field is created through the constructive add-up of the dipole moments created by all units in the
crystal. More units will create a higher piezoelectric potential. Therefore, the piezoelectric potential
continuously drops from one end of the nanohelix to the other. Meanwhile, numerical calculation
of the piezoelectric potential distribution in a ZnO nanohelix at a stretching force of 100 nN was
calculated. Note that the stretching force generated the same continuous piezoelectric potential in the
ZnO nanohelix with reversed polarity.

This work shows that the nanohelix can produce higher potential than the nanowire when they are
exposed to the same force. In addition, the helical structure has a much lower resonant frequency along
its central axial direction than that of the nanowire. Consequently, nanohelix-based nanogenerators
may perform better than nanowire-based nanogenerators to harvest energy from the environment
where low-frequency vibration is more frequently observed.

3.2. Effect of the Number of Coils and the Mean Radius of the Coil on the Pizeoelectric Potential of a Nanohelix

A nanohelix is normally formed from a nanowire that grows in a specific crystallographic direction
and follows a helical path [1]. Different growth conditions can result in nanohelices of different
dimensions. For the research of a greater number of coils, we used a second model, similar to the
first but with an increased length of 1900 nm. We thus studied the deformation and the piezoelectric
potential produced from different nanohelices with the same length of 1900 nm. We kept the mean
coil radius at 150 nm and changed the number of coils from four to 10. The spring pitch as well as the
stiffness decreased as the number of coils increased. We applied a compressive force of 100 nN along
the z-axis at the top face of the nanohelix. The piezoelectric potential in the nanohelices was calculated
using FEM simulation. The maximum potential was found at the top part of the nanohelix in this study,
and the potential increased from 0.63 V to 4.01 V as the number of coils increased. The displacement
increased from 12.1 nm to 28.2 nm with the increasing number of coils, as shown in Figure 3a. We then
kept the number of coils at five and changed the mean coil radius of the nanohelix. Our simulation of
nanohelices with different mean coil radius revealed a similar trend. As the mean coil radius increased
from 150 nm to 200 nm under the same applied force of 100 nN, the piezoelectric potential in the
nanohelix increased from 1.85 V to 2.90 V, while the displacement of the nanohelix increased from
10.02 nm to 19.40 nm, as shown in Figure 3b.

Figure 3a shows that the displacement and the piezoelectric potential increased linearly with
the number of coils, as expected. Figure 3b shows that the piezoelectric potential increased linearly
with the mean coil radius, while nonlinearity was found in the displacement. Due to the special
helical structure, the total displacement of the nanohelix in Figure 3b consists of three components
including the displacement in the x-direction, displacement in the y-direction, and displacement in
the z-direction. Previous researchers showed that the spring constant K of a linear elastic spring was
directly proportional to 1/R3 (where R is the coil radius), if the force was applied along the central
axis and only the torsion generated from the extension of the spring in the low-strain regime was
considered [32,33]. Consequently, when a force F along the z-axis is applied to a typical spring with
d � R, a nonlinear behavior was observed in displacements (Δ = F/K ∝ R3), which is consistent with
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our result shown in Figure 3b. However, the diameter of the coil wire was comparable to the mean
coil radius of the helix in this work, and the location of the force applied was not on the central axis
of the helix. The difference in the structure and the force applied in this work compared to an earlier
study [32,33] resulted in a small deviation of the behavior shown in Figure 3b from the behavior of a
typical spring.

 
(a) (b) 

Figure 3. The change of the maximum piezoelectric potential and displacement with the number of
coils in (a) and the mean coils radius in (b) of ZnO nanohelices with a constant length of 1900 nm.

3.3. Effect of Acting Forces on the Pizeoelectric Potential and Displacement

Different forces may cause nanowires to be bent, stretched, or compressed. The piezoelectric
potential in a bent nanowire was first used in nanogenerators and piezoelectric potential field effect
transistors [9,10,13]. Later, the piezoelectric potential in a stretched or compressed nanowire was used
for the fabrication of nanogenerators [11,34], tactile imaging [35], sensors [36], and other devices [37].
Nanohelices produced greater piezoelectric potential than nanowires as they were compressed along
the axial direction. We further studied the piezoelectric potential in a nanohelix as different forces
were applied.

To simplify the calculation, all of the compressing forces were uniformly applied at the upper face
of the nanohelix. We calculated the piezoelectric potential of the nanohelix for separate cases where
a force of 100 nN was applied along the x-axis, y-axis, or z-axis. We also calculated the piezoelectric
potential of the nanohelix under different combinations of these forces. The maximum potential in
each case is summarized in Table 2. The force along the z-axis clearly produced higher piezoelectric
potential than the same amount force applied in other directions, and the displacement was also at its
minimum when the force was only along the z-axis. When a lateral force was applied, the nanohelix
was bent significantly. The force in the x-direction pushed the top end towards the central axis of the
spring and the produced maximum piezoelectric potential was lower than that produced by a force in
the y-axis. When two or more force components were involved, the maximum piezoelectric potential
was normally higher with a force along the z-axis included.

Table 2. Maximum piezoelectric potential and displacement under forces in different directions.

Applied Force Components (nN)
Piezoelectric Potential (V) Displacement (nm)

x-Axis y-Axis z-Axis

0 0 100 1.85 10.2
0 100 0 0.35 48.3

100 0 0 0.29 47.3
100 100 0 0.48 67.8
100 0 100 1.85 37.6

0 100 100 1.60 49.4
100 100 100 1.60 61.6
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When a lateral bending force was added to the existing compressing force along the z-axis,
the piezoelectric potential distribution was significantly changed. However, the maximum piezoelectric
potential in the nanohelix could change in any direction because the maximum and minimum potentials
due to each individual force component occurred at different locations. For example, the maximum
piezoelectric potential was 1.85 V when a force of 100 nN was applied along the z-axis. The potential
remained at 1.85 V as an additional force of 100 nN along the x-axis was added. In comparison,
the maximum piezoelectric potential decreased to 1.60 V when a force of 100 nN along the y-axis was
added. This result indicates a coupling effect between the three applied force components on the
generation of piezoelectric potential.

The displacement of the nanohelix is dependent on its mechanical property and the boundary
condition. In our case, the fixed constraint is on the x-z plane. Owing to the stiffness of the nanohelix,
the displacement along the x-axis and y-axis are greater than that along the z-axis. In particular,
deformation along the y-axis is most prone to deform the spring. Similarly, the coupling effect
between the three directions of applied force components on the total displacement cannot be ignored,
even though the total displacement is the synthesis of the x-axis, y-axis, and z-axis components.

4. Conclusions

In conclusion, FEM simulation has been used to study the piezoelectric potential in a ZnO
nanohelix, and it predicted much higher piezoelectric potential than that in a nanowire with the same
length and applied force. Increasing the number of coils or mean coil radius of a nanohelix of a
constant height results in a higher maximum piezoelectric potential when the force is kept constant.
Both lateral bending force and vertical compressing force can create piezoelectric potentials. Applied
forces in different directions have a coupling effect on the piezoelectric potential. A force along the
z-axis produces a higher maximum piezoelectric potential that favors energy harvesters and other
piezotronic devices. Adding a lateral force to the existing vertical force can change the distribution
of the piezoelectric potential while the maximum potential may not be greatly changed. Meanwhile,
the mechanical property of a ZnO nanohelix is also studied. The force component on the y-axis showed
the biggest effect on displacement. This work not only demonstrated a new and excellent candidate
for nanogenerators and other electronic devices, but it is also expected to lead to new exploration of
other piezoelectric nanostructures.
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Abstract: In order to improve the dispersion of nano-TiO2 particles and enhance its self-cleaning
properties, including photocatalytic degradation of pollutants and surface hydrophilicity, we prepared
nano-TiO2-coated SiO2 microsphere composite self-cleaning materials (SiO2–TiO2) by co-grinding
SiO2 microspheres and TiO2 soliquid and calcining the ground product. The structure, morphology,
and self-cleaning properties of the SiO2–TiO2 were characterized. The characterization results showed
that the degradation efficiency of methyl orange by SiO2–TiO2 was 97%, which was significantly
higher than that obtained by pure nano-TiO2. The minimum water contact angle of SiO2–TiO2 was
8◦, indicating strong hydrophilicity and the good self-cleaning effect. The as-prepared SiO2–TiO2 was
characterized by the nano-TiO2 particles uniformly coated on the SiO2 microspheres and distributed
in the gap among the microspheres. The nano-TiO2 particles were in an anatase phase with the
particle size of 15–20 nm. The nano-TiO2 particles were combined with SiO2 microspheres via the
dehydroxylation of hydroxyl groups on their surfaces.

Keywords: SiO2; nano-TiO2; self-cleaning; hydrophilicity

1. Introduction

Nano-titanium dioxide (TiO2) is a typical semiconductor material with excellent properties.
Moreover, it is stable, cheap, and non-toxic [1,2]. Therefore, it has been widely applied in the
environmental protection [3], energy [4], and other fields [5,6]. In addition to the photocatalytic activity
of TiO2 under ultraviolet (UV) irradiation, the self-cleaning effect due to photoinduced hydrophilic
properties of TiO2 has always been one of the hotspots [7,8]. Its self-cleaning mechanism is generally
ascribed to two effects [9,10]. Firstly, under the irradiation of ultraviolet light or ultraviolet in sunlight,
the active components induced by the photocatalytic action of TiO2 on the TiO2 self-cleaning film
can react with the pollutants adhering to the surface, thus achieving the decomposition of pollutants.
Secondly, due to the super-hydrophilicity of the self-cleaning film, the decomposed products can be
washed away by rain, so as to maintain the clean material surface [11]. In China and other developing
countries, the contents of dust and oily dirt are high in the urban atmosphere and dust and oily dirt
tend to adhere to building walls and glass surface to make the surface dirty. Nano-TiO2 self-cleaning
materials may be used to coat such surfaces [12,13].

However, some factors restrict the application scope of nano-TiO2 self-cleaning materials.
For example, the agglomeration phenomenon and poor dispersivity of TiO2 particles in the application
system significantly reduces its self-cleaning effect [14,15]. Coating TiO2 particles on the matrix surface
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can significantly improve the dispersibility of TiO2 particles and enhance the photocatalytic efficiency
and self-cleaning performance under the synergistic effect of the matrix [16,17]. In this way, the
aforementioned problems may be solved. Many silicon materials are used as substrates to prepare
nano-TiO2 coated composite catalysts, such as quartz tube [18], glass fibers [19], and nano-silica [20].
These catalysts all exhibit the good photocatalytic activity with different functional characteristics.
Meanwhile, the micro-nano-morphology of the carrier-based nanoparticles, which are constructed from
the surface of the composite self-cleaning material, can also increase the roughness of the self-cleaning
film and further improve the super-hydrophilicor super-hydrophobic properties [21,22] Prabhu [23]
prepared the reduced graphene oxide (rGO)/TiO2 composite self-cleaning material according to
the solvothermal method and improved the visible light absorption efficiency of the composite
self-cleaning materials, which exhibited the good photocatalytic efficiency and super-hydrophilic
performance under light irradiation. Zhou [24] added the prepared SiO2–TiO2 composite colloidal
particles into the fluorocarbon coating and realized more stable self-cleaning performance than
that of adding single nano-TiO2 particles under ultraviolet light irradiation, thus suggesting its
possible industrial application in outdoor environments. Zhang [25] and Ciprian [26] prepared
SiO2–TiO2 composite films by the sol-gel impregnation and freeze-drying deposition method and
realized the excellent self-cleaning performance and high transmittance to visible light. In general,
the abovementioned preparation methods of nano-TiO2 composite self-cleaning material have some
problems, such as the high cost, the complicated process and the difficulty in large-scale production
and application. Therefore, it is necessary to select cheap matrix materials and simple composite
process. Surolia [27] prepared the TiO2-coated fly ash photocatalyst via the sol-gel method with the
cheap fly ash as substrate, exhibiting well photocatalysis degradation performance. Therefore, it is an
effective way to improve the efficiency of resource utilization by using natural mineral or industrial
by-product as substrate to prepare nano-TiO2-coated photocatalytic material.

In this study, with SiO2 microspheres as the matrix, nano-TiO2-coated SiO2 microsphere composite
self-cleaning materials (SiO2–TiO2) were prepared by the wet grinding of SiO2 microspheres and
nano-TiO2 soliquid and the subsequent calcination of the ground product. Then, we determined
the photocatalytic activity and photoinduced hydrophilicity of SiO2–TiO2, analyzed the structure
and morphology, and discussed the mechanism of the interaction between TiO2 and SiO2 particles.
The SiO2 microspheres used in this study were recovered from the by-product, silica fume, which was
produced during the industrial production of fused zirconia. The SiO2 microspheres mainly exist in the
amorphous phase and have regular morphology, high surface activity, and low cost [28,29]. However,
during the past years, silica fume was usually applied in cement, concrete and refractory products as
an additive and its use efficiency was low [30,31]. To the best of our knowledge, the preparation of
functional materials including composite photocatalytic materials with SiO2 microsphere as a matrix
was seldom reported. In the study, the spherical shape of the SiO2 microspheres can increase the
fluidity of SiO2–TiO2 and promote the film formation process and the micrometer size of the SiO2

can improve the recyclability of nano-TiO2. It is expected that the SiO2 microspheres can exert a
synergistic effect on the performance of SiO2–TiO2 and reduce the cost of composite self-cleaning
materials [25]. Meanwhile, the mechanical-chemical grinding method used in this study is a simple
and non-pollution particle compound method. We prepared the SiO2–TiO2 composite materials with
the good photocatalysis activity and self-cleaning effect via a simple composite process with cheap
matrix materials. The preparation process exhibits significant economic and environmental values.

2. Methods

2.1. Raw Materials and Reagents

The SiO2 microspheres used in this study were recovered from the by-product, silica fume, which
was produced during the industrial production of fused zirconia and was provided by a zirconia
production enterprise in Jiaozuo (Jiaozuo, China). The main chemical constituents (mass fraction, %)
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of SiO2 microspheres were 93.78% SiO2 and 4.96% ZrO2. SiO2 is mainly composed of amorphous
phase, exhibiting the microsphere morphology with the particle size of 1–3 μm. The SiO2 particles are
aggregated to form the aggregates with the larger particle size. After depolymerizing the aggregates,
the SiO2 microspheres exist in a dispersed state.

Tetrabutyl titanate (C16H36O4Ti) from Beijing Chemical Industry Group Co., Ltd. (Beijing, China)
was used as the titanium source. Acetylacetone (C5H8O2) supplied by Xi Long Chemical Co., Ltd.
(Guangzhou, China) was used as a hydrolysis control agent. Methyl orange (C14H14N3SO3Na)
from Beijing Chemical Industry Group Co., Ltd. (Beijing, China) was used as a target pollution
for photocatalytic degradation. Ethanol and deionized water are also used as solvents throughout the
preparation process.

2.2. Preparation Method

2.2.1. Depolymerization of SiO2 Microspheres

Considering the agglomeration effect of particles in the raw SiO2 microspheres, SiO2 microspheres
need to be depolymerized and dispersed before compositing with nano-TiO2. The depolymerization
method was described as follows: The SiO2 microsphere materials were added into the ethanol
solution to form a suspension. After adding ceramic grinding balls (the ratio of ball to material, 3:1),
the suspension was then ground in the mixing mill (CSDM-S3, Beijing Paleozoic Powder Technology
Co., Ltd., Beijing, China) for 60 min. Finally, the dispersed SiO2 microspheres were obtained after
ball-material separation, filtration, and desiccation.

2.2.2. Preparation of Nano-TiO2 Soliquid

Firstly, 8.5 mL of tetrabutyl titanate was dissolved into 10 mL of ethanol solution. The mixed
solution was stirred evenly and marked as Solution A. Then, 1.3 mL of acetylacetone was dissolved
into 10 mL of ethanol solution, and the obtained solution was marked as Solution B. Then, Solution B
was slowly added into Solution A and 19.35 mL of the mixture of ethanol and water (water 0.85 mL)
was also added into Solution A. Afterwards, the mixture was stirred vigorously at room temperature
for 12 h and the stirred mixture was aged for 48 h to obtain the nano-TiO2 soliquid. The viscosity
of the nano-TiO2 soliquid obtained after 48-h aging was measured to be 2 × 10−3 Pa·s by a digital
display viscometer (NDJ-8S, Shanghai Precision Instrument and Meter Co., Ltd., Shanghai, China).
For comparison, partial nano-TiO2 soliquid was dried and calcined to prepare TiO2 nanoparticles.
According to the X-ray diffraction (XRD) data and the Scherrer Equation, the grain size of nano-TiO2

was calculated to be 15–20 nm.

2.2.3. Preparation of SiO2–TiO2

Firstly, the dispersed SiO2 microspheres were added into the ethanol solution, which was stirred
to form a suspension. Secondly, the suspension was added into the aged nano-TiO2 soliquid to form
the SiO2/TiO2 mixture. Thirdly, the SiO2/TiO2 mixture were stirred by a CSDM-S3 mixing mill
(Beijing Gosdel Powder&Technology Co., Ltd., Beijing, China) for 90 min after the addition of a certain
amount of grinding balls to obtain the SiO2/TiO2 soliquid composites. Then, the SiO2/TiO2 soliquid
composites were put in a SRJX-5-13 chamber electric furnace (Tianjin Taisite Instrument Co., LTD,
Tianjin, China) and calcined at 500 ◦C for 2 h. Finally, the SiO2–TiO2 was prepared.
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2.3. Characterization

2.3.1. Evaluation of Self-Cleaning Performance

Photocatalytic Activity

The photocatalytic degradation performance of SiO2–TiO2 was tested with the methyl orange
as the target degradation pollutant. The system was irradiated by a mercury lamp (100 W, the
main wavelength of 254 nm). Then, 40 mg of SiO2–TiO2 was added to 50 mL of prepared methyl
orange dilution (concentration 10 mg/L). In order to reduce the measurement error caused by sample
adsorption, the dark reaction was carried out for 0.5 h and then the concentration of methyl orange (C0)
in the solution was measured. After turning on the light source, the concentration of methyl orange (C)
in solution was measured every 20 min. The photocatalytic degradation performance of the samples
was characterized and evaluated based on the change of C/C0.

The concentration of methyl orange was measured according to the following procedure. Firstly,
the solution was centrifuged and the absorbance of the supernatant was measured with a Cary 5000
UV–VIS spectrophotometer (USA Varian, Palo Alto, CA, USA). The concentration of methyl orange in
the solution was calculated according to the relationship between absorbance and concentration.

Hydrophilicity

The hydrophilicity of the SiO2–TiO2 particles was characterized based on the wetting degree
of water on its surface. The wetting degree was reflected by the measured water contact angle on
its surface. The SiO2–TiO2 composite powder was pressed into a sheet-like sample by a tableting
machine and then the water contact angle was measured by a contact angle meter (JC2000D, Shanghai
Zhongchen Digital Technic Apparatus Co. Ltd., Shanghai, China) three times. The measurement
results were averaged.

2.3.2. Characterization of Structure and Morphology

We observed the morphology of SiO2–TiO2 by scanning electron microscope (SEM) (S-3500N,
Hitachi, Ltd., Tokyo, Japan) and transmission electron microscope (TEM) (FEI Tecnai G2 F20, Portland,
OR, USA). The surface functional groups were examined by an infrared spectroscope (Spectrum
100, PerkinElmer Instruments (Shanghai) Co., Ltd., Shanghai, China) with KBr as the medium, and
the weights of each sample and KBr were, respectively, 1 and 200 mg. The phase analysis was
carried out with an X-ray diffractometer (D/MAX2000, Rigaku Corporation, Tokyo, Japan).The specific
surface areas of SiO2 and SiO2–TiO2 were tested by the QuadraSorb SI specific surface area analyzer
(Quantachrome Instrument Company, Boynton Beach, FL, USA). In addition, the surface roughness of
SiO2 microspheres and SiO2–TiO2 were evaluated using a Mutimode VIII atomic force microscope
(Bruke, Fremont, CA, USA).

3. Results and Discussion

3.1. Properties of SiO2–TiO2

3.1.1. Photocatalytic Properties of SiO2–TiO2

Figure 1a represents the degradation behaviors of methyl orange dye during irradiation as a
function of time (min) in the presence of SiO2–TiO2 with different TiO2 ratios (the mass ratio of
TiO2 to SiO2–TiO2). As shown in Figure 1a, the SiO2 microspheres exhibit no degradation effect on
methyl orange, whereas pure TiO2 has a certain degradation effect on methyl orange. All of the
prepared SiO2–TiO2 materials exhibit the significantly higher photocatalytic degradation efficiency on
methyl orange dye than that of pure nano-TiO2. Among these SiO2–TiO2 samples, with SiO2–TiO2-40
(TiO2 ratio is 40%) as the photocatalyst, after the solution was irradiated for 40 min, the C/Co was
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reduced to about 0.1 and the degradation efficiency reached 90%. After the 120 min irradiation, the
degradation efficiency reached 97%. With the pure nano-TiO2 as the photocatalyst, the degradation
efficiencies after 40 and 120 min respectively reached 50% and 90%. The abovementioned results
indicated that the photocatalytic activity of nano-TiO2 had been greatly improved when TiO2 coated
the surface of SiO2 microspheres. In addition, the TiO2 ratio had a significant effect on the degradation
efficiency of SiO2–TiO2. With the increase in the TiO2 ratio from 20% to 40%, the photocatalytic
degradation efficiency gradually increased and finally reached its maximum value. When the mass
ratio of TiO2 increased to 50%, the degradation efficiency decreased. However, the degradation
efficiency of SiO2–TiO2 with different TiO2 ratios was always higher than that of pure nano-TiO2.
The phenomenon might be interpreted in two aspects: Firstly, the coating of nano-TiO2 on SiO2

microsphere surface could improve the dispersibility of nano-TiO2, thus resulting in an increase in
the number of reactive groups under irradiation and increasing the quantum efficiency. Secondly,
SiO2 had a high reflection efficiency on ultraviolet radiation, and the light reflected by SiO2 could
be absorbed by TiO2, thus improving the absorption of ultraviolet light by SiO2–TiO2. The specific
surface area analysis results showed that the surface area of SiO2 had been significantly incresed from
its original value of 5.698 to 44.410 m2/g after TiO2 coating. This result also comfirmed that the SiO2

microspheres had been coated by nano TiO2 effectively.Figure 1b shows the influence of the ratio of
grinding ball to materials (B-M) in the grinding process on the photocatalytic activity of SiO2–TiO2.
The degradation efficiency of SiO2–TiO2 samples prepared with grinding balls was significantly higher
than that of the SiO2–TiO2 prepared without grinding balls (B-M is 0). The degradation effect was
the best when the B-M ratio was 5. After 120 min irradiation, the highest degradation efficiency was
95% (C/C0 = 0.05) at the B-M ratio of 5% and 65% at the B-M of 0. The above results showed that the
grinding process had an important effect on the performance of SiO2–TiO2. Therefore, the proper B-M
ratio should be selected. As shown in Figure 1b, the degradation effect of SiO2–TiO2 is stronger than
that of pure nano-TiO2. The result is consistent with the results shown in Figure 1a.

Figure 1. Influences of (a) TiO2 ratio and (b) B-M ratio on the photocatalytic performance of SiO2–TiO2.
(a) SiO2–TiO2-20, 30, 40, 50 represent the mass ratio of TiO2 to SiO2–TiO2 is 20%, 30%, 40% and 50%;
and (b) B-M represents the mass ratio of grinding balls to the materials.

The UV–VIS absorption spectra of bare SiO2 microspheres, nano-TiO2, and SiO2–TiO2-50 were
obtained for comparison (Figure 2). The light absorption of SiO2 in a wavelength range between
300 and 400 nm was insignificant, whereas TiO2 absorbed light with the wavelength below 400 nm.
The SiO2–TiO2 exhibited the higher light absorption in a wavelength range from 200 to 400 nm than
that of pure nano-TiO2, which was completely different from bare SiO2 microspheres. The results
indicated that the SiO2–TiO2 had the higher UV absorption due to the high reflection efficiency
on ultraviolet radiation by SiO2 microspheres, confirming that SiO2 microspheres were coated by
nano-TiO2 particles with similar light absorption properties to TiO2. Meanwhile, this results contribute
to the good photocatalytic activity of SiO2–TiO2.
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Figure 2. UV–VIS absorption spectra of pure TiO2, SiO2 microsphere and SiO2–TiO2.

3.1.2. Hydrophilic Properties of SiO2–TiO2

Figure 3 shows the change of water contact angle of SiO2–TiO2 particles with different TiO2

ratios after irradiation by ultraviolet light for 2 h. For the SiO2 microsphere materials, the contact
angle was maintained to be 28◦ after UV irradiation, indicating that the UV light had no effect on its
hydrophilicity. The water contact angle of pure TiO2 is 26◦ before UV irradiation, which is higher than
that of SiO2–TiO2, indicating that the coating of TiO2 on SiO2 surface can improve the hydrophilicity
of TiO2. The improvement effect may be interpreted as follows. The dispersion of nano-TiO2 was
improved and then more active hydroxyl groups on TiO2 surface were exposed. Meanwhile, the water
contact angle of pure TiO2 decreased from 26◦ to 10◦ after UV irradiation, indicating the photoinduced
hydrophilicity of TiO2. The water contact angle of SiO2–TiO2 was 15–18◦ and decreased to 8–13◦ after
UV irradiation, showing the strong hydrophilicity. The SiO2–TiO2-40 (TiO2 ratio is 40) showed the
strongest hydrophilicity and its water contact angles were 17◦ and 8◦ before and after UV irradiation
respectively. The strong photo-induced hydrophilicity and photocatalytic activity of SiO2–TiO2 indicate
its good self-cleaning performance.

Figure 3. Relationship between the water contact angle and the content of TiO2.

To investigate the mechanism of the photoinduced hydrophilicity of SiO2–TiO2, the infrared
spectral analysis was carried out. Figure 4 shows the Fourier transform infrared spectroscopy
(FT-IR) spectra of SiO2–TiO2-20 and SiO2–TiO2-30 before and after UV irradiation. The characteristic
absorption peaks in the range of 2800–3800 cm−1 and 1620 cm−1 in all the samples were ascribed to
the vibration of the hydroxyl groups on the SiO2–TiO2 surface. When the TiO2 ratio was 30%, after the
UV irradiation (b2 in Figure 4), the intensity of the absorption peak in the range of 2800–3800 cm−1 in
the FTIR spectrum of SiO2–TiO2 was higher than that in the spectrum b1 (before the UV irradiation)
and the peak was shifted to the higher wavenumber. Meanwhile, the absorption peak at 1620 cm−1 in
b2 was sharper than that in b1. The abovementioned results indicated that the number of hydroxyl
groups on the surface of SiO2–TiO2 increased after UV irradiation and that the SiO2–TiO2 exhibited
the reaction activity with water. We believed that the production of hydroxyl groups was induced by
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the photoinduced action of TiO2. The change was consistent with the remarkable enhancement of the
surface hydrophilicity of SiO2–TiO2 after UV irradiation in Figure 3.

Figure 4. Fourier transform infrared spectroscopy (FT-IR) spectrum of the SiO2–TiO2 with different
TiO2 ratios. (a1) SiO2–TiO2-20, before UV irradiation; (a2) SiO2–TiO2-20, after UV irradiation; (b1)
SiO2–TiO2-30, before UV irradiation; and (b2) SiO2–TiO2-30, after UV irradiation; The black rectangle
region represents the absorption bands caused by the vibration of the hydroxyl radical

3.2. Structure and Morphology of SiO2–TiO2

3.2.1. XRD Analysis

Figure 5 shows the XRD patterns of SiO2–TiO2 with different TiO2 ratios. In addition to the
diffraction peak of amorphous SiO2 microspheres, the diffraction peaks of the anatase phase also
appeared in the XRD patterns of all SiO2–TiO2 samples, and the intensity of diffraction peaks of the
anatase phase increased with the increase in the TiO2 ratio. Especially, when the TiO2 ratio was 50%,
the complete anatase diffraction peak (JCPDS 21-1272) appeared in the XRD pattern of SiO2–TiO2-50
(Figure 5c) [32]. The abovementioned results indicated that nano-TiO2 existed as an anatase phase.
Among all the TiO2 crystal phases, the anatase exhibited the highest photocatalytic activity, which was
consistent with the results of photocatalytic activity and photoinduced hydrophilicity of SiO2–TiO2.

10 20 30 40 50 60 70 80

(c)

(b)

AS

S

A
AAAAAA

A-Anatase    S-SiO2

2 Theta(Degree)

 
In

te
ns

ity
(a

.u
.)

A

S

(a)

Figure 5. XRD patterns of SiO2–TiO2 with different TiO2 ratios. (a) 30% TiO2; (b) 40% TiO2; and (c)
50% TiO2.

3.2.2. Morphology and Element Analysis

Figure 6 shows the SEM images of SiO2–TiO2 with different TiO2 ratios. In Figure 6a, the
exposed surfaces of SiO2 microspheres are smooth without covering. However, the micron-submicron
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hierarchical structure morphology can be observed in Figure 6b–d. The surface of the SiO2 microspheres
became rough and was covered with a certain amount of irregular particles. Meanwhile, with the
increase in the TiO2 ratio, the roughness and coverage area of the SiO2 microsphere surface increased
accordingly. According to the preparation process, it was presumed that the coating on the surface
of the microspheres should be nano-TiO2 particles. The surface roughness of SiO2 microspheres and
SiO2–TiO2-50 were evaluated using an atomic force microscope, and the corresponding atomic force
microscope (AFM) images were shown in Figure 6a,d (see the built-in images). The tested surface
roughness of SiO2 microspheres and SiO2–TiO2 were 1.63 and 18.4 nm, respectively. These results
show that the surface roughness of SiO2 increased significantly after it was coated by nano-TiO2,
indicating that the surface structure of SiO2 has changed. Additionally, in the magnification image
of SiO2–TiO2 shown in Figure 6b, the nano-TiO2 particles not only uniformly coated the surface
of the SiO2 microspheres, but also exist in the gap among SiO2 microspheres. In this way, several
microspheres were connected together as a whole.

 

Figure 6. Scanning electron microscope (SEM) and atomic force microscope (AFM) images of (a) SiO2

microsphere and (b–d) SiO2–TiO2 with different ratios. (b) 30% TiO2, and the inset image is a high
magnification image; (c) 40% TiO2; and (d) 50% TiO2; the inset images in (a,d) are AFM images.

To confirm the composition of the coating on the surface of SiO2 microsphere, a surface scanning
analysis of the main elements in the selected part of the SiO2–TiO2 SEM was carried out (Figure 7).
The Ti element was almost distributed throughout the scan area, like the distribution of Si element.
The distribution density of Ti element is proportional to the TiO2 ratio. This confirmed that the
nano-TiO2 particles had coated the surface and were distributed in the gap among SiO2 microsphere.
The results were consistent with SEM results (Figure 6).
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Figure 7. Scanning results of surface elements of SiO2–TiO2 with (a–c) 20% TiO2 and (d–f) 40% TiO2.

Figure 8 shows the TEM and high resolution transmission electron microscopy (HRTEM) images
of the SiO2–TiO2 samples (TiO2 ratio is 40%). Circular SiO2 microspheres and irregular nano-TiO2

particles surrounding the SiO2 microspheres are observed in Figure 8a, confirming that the nano-TiO2

particles has coated the surface of SiO2 microspheres. In the HRTEM (Figure 8c), the interplanar
spacing of the three major facets were measured to be d = 0.352 nm [33], which was consistent with the
(101) crystal face of anatase (JCPDS 21-1272). The above results indicated that the nano-TiO2 coating
on the surface of SiO2 microspheres was anatase and that the mainly exposed crystal face was (101).

 

Figure 8. (a,b) Transmission electron microscope (TEM) and (c) high resolution transmission electron
microscopy (HRTEM) images of SiO2–TiO2 at different scales.

3.3. Mechanism of the Interaction between SiO2 and TiO2 Particles

Figure 9 shows the FT-IR spectra of SiO2 and SiO2–TiO2 with different TiO2 ratios. The absorption
bands at 1115, 808, and 477 cm−1 are typical absorption bands of Si–O bonds, indicating that the
main component of the composite is SiO2 [34].With the increase in the TiO2 ratio, the intensity of
absorption bands corresponding to SiO2 decreased, indicating that the nano-TiO2 coated the SiO2

surface. In addition, the absorption bands (3200–3550 cm−1) derived from Si–OH and Ti–OH showed
the significant displacement and broadening phenomena when the SiO2 was coated by the nano-TiO2,
indicating that the chemical environment had been changed and the association degree of hydroxyl
groups on particles surface had increased. It was obviously caused by the formation of hydrogen
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bonds between Si–OH and Ti–OH or the further dehydroxylation reaction. It should be inferred that
the chemical combination between SiO2 microspheres and nano-TiO2 particles was formed through
the interaction of hydroxyl groups on their surfaces.

Figure 9. FT-IR of SiO2–TiO2 with different TiO2 ratios. SiO2–TiO2-20, 30, 40, 50 represent the mass ratio
of TiO2 to SiO2–TiO2 is 20%, 30%, 40% and 50%; The black rectangle region represents the absorption
peak caused by the vibration of the hydroxyl radical.

Figure 10 shows the schematic diagram of the bonding mechanism of SiO2–TiO2. Based on the
above results, the bonding mechanism can be described as follows: firstly, the SiO2 microspheres were
ground in the ethanol medium with grinding balls. The strong grinding force made SiO2 microspheres
depolymerization and exposed more hydroxyl groups, thus displaying the higher reactivity. Secondly,
the prepared nano-TiO2 soliquid was ground with the activated SiO2 violently, so that the collision
probability between particles increased and lead to the contact and reactions between the hydroxyl
groups on the SiO2 and TiO2 surfaces. Finally, water produced by the dehydroxylation of the particles
was further removed by calcination. The SiO2 and TiO2 particles were bounded by –Si–O–Ti– bonds.
The strength of the chemical bond was stronger than that of van der Waals forces and other physical
forces, so the coating of nano-TiO2 on SiO2 surface was firm.

Figure 10. Schematic diagram of the bonding mechanism of SiO2–TiO2.

4. Conclusions

In the study, with the by-product SiO2 microspheres produced during the industry production
of fused-zirconia as the substrates, SiO2–TiO2 particles were prepared by the wet-grinding of SiO2

microspheres and nano-TiO2 and calcination of the ground product. The degradation efficiency of
SiO2–TiO2 on methyl orange reached 97%, which was significantly higher than that of pure nano-TiO2.
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The water contact angle of SiO2–TiO2 was 8◦, indicating the strong photoinduced hydrophilicity and
the good self-cleaning effect.

The SiO2–TiO2 particles were characterized by the nano-TiO2 uniformly coated on the SiO2

microspheres and distributed in the microsphere gap. The nano-TiO2 particles existed in an anatase
phase with the particle size of 15–20 nm and are combined with SiO2 microspheres by the dehydration
of hydroxyl groups on particle surfaces.
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Abstract: Resistively switching devices are promising candidates for the next generation of
non-volatile data memories. Such devices are up to now fabricated mainly by means of top-down
approaches that apply thin films sandwiched between electrodes. Recent works have demonstrated
that resistive switching (RS) is also feasible on chemically synthesized nanoparticles (NPs) in
the 50 nm range. Following this concept, we developed this approach further to the sub-10 nm
range. In this work, we report RS of sub-10 nm TiO2 NPs that were self-assembled into monolayers
and transferred onto metallic substrates. We electrically characterized these monolayers in regard to
their RS properties by means of a nanorobotics system in a scanning electron microscope, and found
features typical of bipolar resistive switching.

Keywords: TiO2 nanoparticles; self-assembly; resistive switching

1. Introduction

The astounding developments in information technology over the last few decades reliably
obeyed Moore’s law [1,2]. However, this predicted trend of miniaturization is coming to an end due to
physical limitations [3]. At the same time, an increasing demand for digital data storage is anticipated,
which will require new, non-volatile data storage technologies in the near future.

Resistive random access memories (RRAM) are promising candidates for data storage
applications [4,5]. They rely on resistive switching (RS), which results from a resistance change
of a functional layer sandwiched between metal electrodes. RRAM devices are typically composed
of a metal–insulator–metal layer structure, mainly in the form of thin films that are structured by
means of lithographic (top–down) techniques. As an alternative approach, nanoparticle (NP) thin
films formed via chemical synthesis and assembly can be utilized as a functional layer in RS devices.
Such a bottom–up approach in principle allows the fabrication of cell dimensions that exceed the size
limits of top–down approaches [6]. From a technological point of view, NPs can be synthesized via
inexpensive methods and under mild reaction conditions [7]. Subsequently, the NPs can be deposited
on the electrodes using solution-based techniques that are suitable for organic or polymeric substrates,
thus leading to flexible memory devices [8].

The resistive switching of NPs is often investigated in a configuration that is similar to
conventional thin film cells, wherein NP assemblies are the functional layer of the device. Typically,
most of these RS cells based on NP assemblies were fabricated as follows: firstly, NPs are deposited on

Nanomaterials 2017, 7, 370 267 www.mdpi.com/journal/nanomaterials



Nanomaterials 2017, 7, 370

a bottom electrode via spin-coating or dip-coating methods, which enable control of the NP assembly
thickness. Secondly, top electrodes are deposited on the NP assemblies. One of the first reports on
RS of a NP assembly as a functional layer utilizing Fe3O4 NPs was given by Kim et al. in 2009 [9].
In the following years, the RS of iron oxide-based NPs were further investigated, e.g., consisting
of Fe2O3 NP assemblies [8,10,11], Pt-Fe2O3 core–shell NP assemblies [12], or of mixed Pt–Fe2O3

core–shell/Fe2O3 NP assemblies [13]. Besides iron oxide NPs, RS behavior was also reported for CdS
NPs [7], CeO2 nanocubes [14,15], BaTiO3 NPs [16], ZnO NPs [17], NiO NPs [18], Ge–GeOx nanowires
(NWs) [19], and for In2O3 nanorods [20]. The RS of assemblies consisting of spherical 3 nm TiOx NPs
was demonstrated by Goren et al. in a Co–TiOx NPs–Co structure [21]. The TiOx NPs were synthesized
by a sol–gel method, and the as-synthesized NPs were amorphous. NP films with a thickness of 55 nm
were prepared by spin-coating, and the cells showed bipolar resistive switching (BRS). The NP devices
were compared with a TiOx thin film device, and while the film device exhibited only switching at one
interface, the authors report switching at both interfaces for the NP device.

However, despite the very small size of the individual NPs (e.g., 3 nm), the thickness of the NP
assemblies is often quite high, and thicker than typical thin film structures. As an exception, Uenuma et al.
demonstrated BRS for a monolayer of 6 nm magnetite NPs in a metal–NPs–metal structure [22].

Recently, we reported the RS of individual TiO2 NPs with sizes of approximately 350 nm as well as
50 nm [23]. In order to continue down-scaling the RS devices composed of TiO2 NPs, we chemically
synthesized sub-10 nm TiO2 NPs by a solvothermal method. We chose TiO2 as a model material because
its RS properties are investigated in single crystals [24] as well as thin films [25,26]. Furthermore, the
complementary metal-oxide-semiconductor (CMOS) compatibility of TiO2 [27], as well as the abundance
of Ti in the earth’s crust [28], ensures its economic viability. The immobilization of the TiO2 NPs acting
as switching units is necessary in order to integrate NPs into resistive switching devices. Therefore, the
self-assembly of NPs into a well-ordered, hexagonally packed monolayer is desirable. In the literature,
different methods are reported to obtain self-assembled NP monolayer. One is the drop-drying of
a colloidal solution [29], which is assisted by an electric field [30] or by molecule interactions [31].
Another is by spreading a colloidal solution of hydrophobic NPs onto a water surface [32–34]. A review
summarizing the various methods can be found in reference [35]. However, to the best of our knowledge,
up until now, the self-assembly of sub-10 nm TiO2 NPs into monolayer films has not been reported.

In this paper, we present the synthesis of sub-10 nm TiO2 NPs and their characterization by means
of powder X-ray diffraction (XRD) as well as transmission electron microscopy (TEM). Self-assembly
experiments were performed in order to obtain hexagonally close-packed TiO2 NP films on a water
surface, and we obtained TiO2 NP monolayer films with lateral dimensions of 1 μm2. We transferred
the self-assembled films to planar Pt–Ir surfaces, which function as bottom electrodes, via two different
approaches. The transferred films were characterized using a scanning electron microscope (SEM),
atomic force microscope (AFM), and transmission electron microscope (TEM). We performed localized
electrical measurements by means of a nanorobotics setup in a SEM, as well as by means of local
conductive atomic force microscopy (LC-AFM). Finally, we investigated the RS properties of the films
in a SEM.

2. Results

2.1. Solvothermal Synthesis of TiO2 Nanoparticles

In order to synthesize TiO2 NPs with a diameter of sub-10 nm, we adapted the solvothermal
synthesis methods of Dinh et al. [36]. Titanium butoxide was used as titanium precursor, oleylamine
and oleic acid were used as capping agents. The ratio of the two capping ligands allowed the authors
to control the particle morphology. Rhombic NP shapes were obtained with a titanium butoxide/oleic
acid/oleylamine ratio of 1:4:6; truncated rhombic NP shapes were obtained with a ratio of 1:5:5, and
spherical NP shapes were obtained with a ratio of 1:6:4. With regard to the envisaged self-assembly of
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the TiO2 NPs as monolayers, as densely as possible, the spherical morphology is desirable, as it allows
for a hexagonal close packing, thereby covering approximately 91% of the available surface [37].

In a series of syntheses, we obtained the highest amount of spherical shaped NPs with a titanium
butoxide/oleic acid/oleylamine molar ratio of 1:3:2, and avoiding ethanol solvent. The synthesized
TiO2 NPs are shown in Figure 1a,b. The ratio of spherical to non-spherical shaped NPs was ca. 27:1,
meaning that 96% of the yielded NPs presented a spherical morphology. A mean particle longitudinal
of (5.7 ± 1.1) nm and a mean particle transversal of (4.6 ± 0.8) nm were determined (Figure 1c;
for the corresponding histograms, see Figure S1), which implied a nearly spherical morphology.
Recorded powder XRD reflection patterns of the obtained NPs showed broadened reflexes, according
to the minute particles’ size, and matched the simulated anatase reflection patterns (Figure 1d) [38].

 

 

Figure 1. Representative TEM images of the synthesized TiO2 nanoparticles (NPs) (a,b). Schematic
illustration of the NP with the corresponding mean longitudinal and transversal (c). Powder XRD
reflection patterns of the NPs (black), and simulated literature anatase reflection patterns (red) (d).

2.2. Formation of Self-Assembled TiO2 Nanoparticle Monolayers

In order to obtain TiO2 NP monolayer films, we followed the method of Santhanam et al.,
in which the authors applied for the monolayer formation of hydrophobic gold NPs [33]. Briefly,
the synthesized sub-10 nm TiO2 NPs were dispersed in an organic solvent and were dropped on
a water surface with a controlled surface curvature. Due to the evaporation of the organic solvent,
a self-assembled monolayer was formed on the water surface. In order to perform TEM investigations
of the self-assembled film immobilized at the water/air surface, the surface was touched with a carbon
coated TEM grid. A schematic drawing of the method is shown in Figure 2a,b.
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Figure 2. Schematic drawing for the self-assembly of a TiO2 NP monolayer (not drawn to scale) (a,b),
for the two-step, microcontact printing method (c I to III), and for the one-step method for the direct
transfer of self-assembled TiO2 films (d I to III).

The formation of well-ordered monolayer films is challenging, because it depends on the following
experimental parameters. First, the NPs have to be spherical and monodisperse; otherwise,
a hexagonally close packing of the NPs is not possible. Second, the TiO2 NPs need to be functionalized
with hydrophobic ligands for the formation of a stable colloidal dispersion in organic solvents.
Furthermore, the concentration of TiO2 NPs in the organic solvent influences the self-assembly. In this
context, too low concentrations lead to small and isolated regions of closed packed NPs, whereas too
high concentrations lead to multilayers of NPs. Furthermore, the organic solvent itself has to fulfill
certain requirements. Most importantly, the solvent must allow for a stable dispersion of TiO2 NPs, and
the density of the solvent must be lower than that of water. Finally, the evaporation rate of the chosen
solvent determined by its volatility is crucial, since too fast as well as too slow evaporation rates induce
the formation of multilayers instead of monolayers. Mixtures of different solvents can be used to
precisely adjust the properties and meet these requirements. Additionally, the rate of evaporation of
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the organic solvents depends upon the air velocity and the temperature in the laboratory hood, which
thus also influence the NP monolayer formation. In the scope of this work, the colloid concentration,
the solvent composition, and the evaporation rate were investigated. We performed the experiments
under air/ambient conditions.

In a series of experiments, we obtained the largest continuous self-assembled TiO2 NP monolayer
film with NPs presenting a mean particle longitudinal of (5.7 ± 1.1) nm and a mean particle transversal
of (4.6 ± 0.8) nm, as well as a spherical NP to irregular-shaped NP ratio of 27:1 (see Figure 1). Since
the as-synthesized TiO2 ligands were functionalized with oleic acid and oleylamine as hydrophobic
ligands, no additional ligand exchange reactions were necessary. We prepared the self-assembled
film with a solvent mixture of pentane/dichloromethane 3:1, 0.56 g/mL TiO2 NPs concentration, and
the addition of 0.0076 mol/L oleylamine solution in hexane to the dispersion. The corresponding
TEM images (Figure 3a,b) revealed that an area of approximately 1 μm2 was covered with mostly
a monolayer of TiO2 NPs. The dense, close packing is clearly visible in the images. Fast Fourier
transformation was performed in these regions with help of the Software ImageJ (Version 1.43u)
showing the reconstructed hexagonal patterns (see Figure 3b, inset). The center-to-center spacing
of the NPs amounted to ca. (9 ± 1) nm, which corresponds to the dimensions of the NPs, plus
the approximately 2 nm length of the oleic acid and oleylamine ligands, assuming that a monolayer
of the ligands has formed on the TiO2 NP surface. A similar spacing of 2 nm was reported by
Sun et al. for monodispersed, hexagonally packed FePt NPs capped with oleic acid and oleylamine [29].
Additionally, several patches of bi- and multilayers were formed, as indicated by the areas showing
a lower brightness in the TEM images compared with those of the TiO2 NP monolayers (Figure 3a,b).
The formation of well-ordered monolayers only took place in confined regions, preferably at the edges
of multilayers. The formation of the multilayer domains can be mainly attributed to fluctuations
along the retracting contact line during the evaporation of the solvent, as well as due to tearing of
the film during the transfer process. Experiments revealed that the adjustable parameters of colloid
concentration and solvent could be controlled well. However, the evaporation rate could not be
fully managed due to the random temperature and air velocity of the fume hood. Nevertheless,
in this work, we produced a well-ordered, self-assembled TiO2 NP monolayer, and the observed
dimensions of the TiO2 NP monolayers are sufficient enough for RS experiments performed by means
of the nanorobotics setup in SEM.

 

Figure 3. Representative TEM images of the self-assembled TiO2 NP film with decreasing magnification
(a,b). The inset in (b) shows the fast Fourier transformation of the black highlighted area of the monolayer.

2.3. Preparation of Resistive Switching Devices

The self-assembled TiO2 NP films were formed on a water surface, and had to be transferred
onto a metallic surface as the bottom electrode in order to allow the investigation of their RS behavior.
A 1 cm2 silicon wafer with a native oxide layer, which was coated with a homogenous 180 nm thick
Pt/Ir alloy (80% Pt, 20% Ir) metal film, was used as the support. In order to transfer the assembled TiO2
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NP films to a metal surface, the film was carefully brought into contact with a polydimethylsiloxane
(PDMS) stamp, or directly with a Pt/Ir surface. A schematic drawing of the two methods is illustrated
in Figure 2.

The two-step method was performed following a published microcontact printing procedure [39].
In contrast to the direct, one-step method, the TiO2 NP film was first transferred to a stamp, and
afterwards the TiO2 NP film was printed to any desired surface. The application of stamps with
nanoscaled features would allow for the preparation of nanoscaled TiO2 NP patterned surfaces as
resistive switching devices [39]. The TiO2 NP film shown in the TEM images (Figure 4) was prepared
with NPs that had a mean longitudinal of (7.9 ± 2.2) nm, a mean transversal of (4.8 ± 0.8) nm, and
a spherical NP to non-spherical shaped NP ratio of 5:1 (for the characterization of these NPs, see
Figure S2). We lifted the TiO2 NP film from the water surface with a planar polydimethylsiloxane
(PDMS) stamp (Figure 2c I and II). After the evaporation of the residual water droplet, the dried films
on the planar side of the PDMS stamp were transferred to a Pt/Ir surface by pressing the stamp onto
the surface (Figure 2c III). We characterized the formed film via TEM (Figure 4a,b), and the transferred
film via AFM (Figure 4c,d). The TEM images as well as AFM images show similar TiO2 NP mono-,
bi-, and multilayers, as well as voids between the layers. Since we observed no macroscopic wrinkles
or cracks in the TEM images, we conclude that the self-assembled TiO2 NP film was transferred
from the water surface to the carbon film of the TEM substrate without any changes of the film, at
least in the dimensions shown in the TEM images. The recorded height profile revealed a variation
of height of approximately 5 nm (Figure 4e), which corresponds well to the dimensions of the NPs
determined by TEM analysis. Based on the resemblance of AFM and TEM images, we concluded that
the self-assembled TiO2 NP film was successfully transferred onto the Pt/Ir surface. We obtained
similar results for the one-step method (see Figure 2d I to III). For detailed results, see Figure S3 in
the Supporting Information. Hence, we successfully prepared RS devices composed of TiO2 NP films
by means of two different methods for the subsequent electrical characterization.

 

 

Figure 4. Cont.
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Figure 4. Exemplary TEM images of the self-assembled TiO2 NP film (a,b). Tapping mode atomic force
microscope (AFM) images of the TiO2 NP film transferred by the microcontact printing method onto
a Pt/Ir surface (c,d). Corresponding height profile (e) taken along the white line in (d) showing height
differences of ca. 5 nm.

2.4. Electrical Characterization

We performed RS experiments by means of a nanorobotics system for local in situ electrical
measurements in SEM [40]. Prior to the in situ electrical characterization in SEM, we performed an
oxygen plasma cleaning step with the (Pt/Ir)/TiO2 NP film substrates to widely remove the oleylamine,
as well as the oleic acid ligands. As top electrodes, we utilized Pt/Ir coated AFM probes with a radius
of curvature of approximately 100 nm, and a special elongated tip in the front part of the cantilever;
thus, they are visible from the top in the SEM. This setup enables the flexible addressing of certain
locations on the thin films. While the voltage was applied to the tip, the planar Pt/Ir bottom electrode
was set to ground. We monitored the movement of the tip on the NP films, as well as the structural
changes of the tip during the resistive switching experiments. After one measurement, the tip electrode
was lifted off and moved to the next point of interest, which allowed successive characterization
under identical experimental conditions [40]. Schematic illustrations of the experimental setup and an
exemplary SEM image are displayed in Figure 5a,b, respectively.

 

Figure 5. Schematic illustrations of the (Pt/Ir)/TiO2 NP film/(Pt/Ir tip) device (a). Exemplary SEM
image of a TiO2 NP film on the Pt/Ir surface transferred by the one-step method; on the left hand
side, the Pt/Ir coated tip electrode is visible (b) (contrast of the SEM image was increased after
the measurement; for the original SEM image, see Figure S4).

Directly before the experiment, we cleaned the SEM chamber, the measurement tips, and the TiO2

NP films with Ar plasma to further eliminate contaminations. Due to NP diameters below 10 nm
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and weak material contrast, individual TiO2 NPs immobilized on the Pt/Ir surface could not be
resolved in SEM during the electrical characterization, which requires a large working distance due
to the presence of the tip. However, comparing the AFM, TEM, and SEM images, we assume that
the bright regions are the Pt/Ir surface (Figure 5b). Furthermore, we assume that the areas exhibiting
a slightly lower brightness correspond to TiO2 NP monolayers, while the darkest areas correspond to
TiO2 NP multilayers. At the left hand side of the SEM image, the measurement probe that was brought
into mechanical contact with a TiO2 NP monolayer is visible.

In order to test different areas, brighter and darker regions discernible in the SEM images (see
Figure 5b) were contacted with the Pt/Ir tip. The recorded I–V curves showed a linear behavior and
resistances of ca. 300 Ω, which matched the resistances determined by addressing a pristine metallic
surface. Hence, the electrical characterization confirmed that the bright regions do correspond to
the Pt/Ir bottom electrode. By positioning the tip on regions exhibiting a lower brightness, strictly
non-linear I–V curves revealing a high resistance were recorded. These regions are identified as
corresponding as expected to the TiO2 NP layer. Therefore, during the in situ electrical characterization
in SEM, SEM images and electrical responses allowed for facile differentiation between the Pt/Ir
bottom electrode and the TiO2 NP layer.

In the SEM images (Figure 5b), stepwise brightness differences are visible within the TiO2 NP
layer. Based on the TEM and AFM analysis results, the TiO2 NP layer with a higher brightness is
assumed to correspond to a monolayer, while the TiO2 NP layer with a lower brightness is assumed
to correspond to a multilayer. Different spots of the TiO2 NP monolayer or multilayer were brought
into contact with the tip, and non-linear I–V curves without any hysteretic behavior were recorded.
The tip diameter of the Pt/Ir coated measurement probes was approximately 100 nm. Hence, multiple
sub-10 nm TiO2 NPs were simultaneously addressed. However, we did not find a clear dependence
between layer thickness and resistance. In multiple layers, the absolute number of particles that
contributed to the conducting path varied. Moreover, different numbers of resistances by each particle
in series and in parallel lead to varying overall resistance.

Additionally, we performed LC-AFM measurements. The LC-AFM allows the simultaneous
measurement of topography and current through the sample, and is operated in the contact mode to
record the current distribution of the scanned region. We utilized conductive diamond tips AppNano
Doped Diamond with a radius of curvature of 100–300 nm for the experiments. In order to perform
the electrical measurements without inducing a resistance change of the NPs, a voltage of 20 mV was
applied to the tip, and the topography and the current were recorded simultaneously. The contact mode
topography image (Figure 6a) revealed TiO2 mono-, bi-, and multilayers similar to those observed in
tapping mode. In the current mapping image (Figure 6b), the TiO2 NP layer can be clearly distinguished
from the Pt/Ir surface, as the latter exhibited currents ranging from approximately 100 nA to 340 nA,
while the areas with TiO2 NP layers exhibited no current flow.

 

Figure 6. Contact mode AFM images of a TiO2 NP film on a Pt/Ir surface (a) and corresponding
distribution of the current (b), scanned simultaneously with the topography.
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These findings by means of SEM and LC-AFM are in agreement with the metallic, highly
conducting character of the Pt/Ir surface and the insulating character of the anatase TiO2 NPs [41].

In order to study the RS behavior of our devices in the SEM, we applied write voltage sweeps
from 0 V → X V → 0 V → X V → 0 V, or from 0 V → −X V → 0 V → X V → 0 V. We set
a current compliance of 1 μA up to 10 μA to protect the TiO2 NP layer, as well as the metal coating
of the measurement tips. We identified a current compliance of 10 μA to be suitable for the resistive
switching experiments. The I–V curve shown in Figure 7a was recorded on a TiO2 NP monolayer
area contacted by the measurement tip. The I–V curve showed a typical BRS behavior, with a SET
process of the device from the high resistance state (HRS) into the low resistance state (LRS) at a voltage
of ca. −2.5 V. The RESET process, the switching of the device from the LRS to the HRS, took place
over a voltage range from 1.0 V to approximately 2.8 V, and switched the device back into the HRS.
Hence, for the I–V curves shown in Figure 7a, we observed the counter eightwise switching polarity.
The hysteresis and the current are larger at a negative voltage polarity compared with the positive
voltage polarity. The recorded I–V curve shown in Figure 7b, which was also recorded on a TiO2

NP monolayer, demonstrated BRS behavior exhibiting the SET process at a positive voltage, and
the RESET process at a negative polarity; hence, eightwise switching polarity is observed. In general,
the switching polarity of a BRS device is determined by a microstructurally asymmetric cell design, or
a voltage/current-controlled electroforming process. The underlying switching mechanism for valence
change memories is generally explained by a formation and rupture of a conductive filament inside
the insulating TiO2 matrix due to the redistribution of oxygen vacancies under an applied electric field,
and the effect of Joule heating [42]. This gives rise to a resistance hysteresis exhibiting the counter
eightwise polarity [43]. The resistance hysteresis showing an “eightwise” switching polarity was recently
investigated in SrTiO3 thins films by means of detailed in situ TEM analysis. Electrochemical oxygen
evolution and oxygen reduction reactions were found to be responsible for the resistance change [44].
In order to decipher the underlying switching mechanism for our TiO2 NP devices, comparable
elaborate analysis would be required, which goes far beyond the scope of this paper. For LC-AFM
measurements, the switching polarity of a Fe:SrTiO3 film could be adjusted via the switching voltage [43].
The measurement tip was in contact with the TiO2 NP layer as briefly as possible to keep the thermal drift
and creep effects in the piezoelectric control elements of the nanorobotics setup, as well as the specimen
stage, as low as possible during the electrical characterization. Nonetheless, the position and the contact
force of the tip changed during the application of voltage sweeps. Hence, the switching polarity could
not be controlled in our experiments.

The device exhibiting the I–V curve, as shown in Figure 7b, was switched between 1 V and
−1 V. The current reached the current compliance of 10 μA at both voltage polarities. Upon repeating
the voltage sweep, the size of the hysteresis and the current values changed. After three cycles, the BRS
(see Figure S5a) behavior was no longer observed. Instead, the current showed linear dependence on
the applied voltage (see Figure S5b).

Additionally, in some cases, we observed a structural change of the contacted TiO2 NP layer via
SEM (see Figure S6). It is possible that the high voltage and current, accompanied by Joule heating,
induced the structural change, leading to a direct contact between the measurement tip and the Pt/Ir
surface, and thereby resulting in the observed linear behavior. During the prolonged application of
voltage sweep, the position and the contact force of the tip changed due to the thermal drift and creep
effects in the piezoelectric control elements of the nanorobotics setup and specimen stage, which also
resulted in a possible direct contact. However, for most of the measurements, we observed a short
circuit, although in the SEM images no clear damage of the NP layer was visible. Alternatively, it may
be possible that individual sub-10 nm TiO2 NPs could be reduced to a better conducting state, e.g.,
Ti4O7 Magnéli phases [45]. These phases show metallic conductivity, and thus may be responsible for
the observed linear behavior of the I–V curves [42]. However, a detailed analysis to identify Magnéli
phases would go far beyond the scope of this work. We found during the measurements that voltages
above ±3 V tend to cause a short circuit of the RS devices. In total, we electrically characterized
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14 spots of a TiO2 NP monolayer, as well as 12 spots of a TiO2 NP multilayer. Overall, six spots showed
a BRS behavior.

Figure 7. Two I–V curves recorded on different TiO2 NP monolayers exhibiting bipolar resistive
switching (BRS) behavior (a,b) (arrows and small letters depict voltage sweep sequence).

2.5. Summary

In order to obtain sub-10 nm resistive switching units, we synthesized TiO2 NPs with a size below
10 nm by a solvothermal method. Self-assembly of a TiO2 NP monolayer film on a water surface was
prepared following the method of Santhanam et al. We achieved dense packed monolayers in an area
of 1 μm2, which up until now had not been accomplished elsewhere. Since the TiO2 NP films were
prepared on a water surface, they had to be transferred to metallic surfaces in order to subsequently
electrically characterize the NPs. We successfully executed a one-step method, as well as a two-step
microcontact printing method to transfer the self-assembled film to Pt/Ir surfaces that acted as bottom
electrodes during resistive switching experiments. The microcontact printing method especially paves
the way for the preparation of structured devices. The electrical characterization of the self-assembled
TiO2 NP films on Pt/Ir bottom electrodes was performed by means of the nanorobotics setup SEM,
as well as by LC-AFM. With both methods, we could unambiguously distinguish the Pt/Ir surface from
the TiO2 NP layer by their different electrical response. BRS-like behavior of the TiO2 NP monolayer
films was observed in SEM.

3. Materials and Methods

Solvothermal synthesis. TiO2 NPs were synthesized modifying a solvothermal approach known
from the literature, which allows the control of the NP morphology by adjusting the molar ratio
of the Ti(OBu)4/oleic acid/oleylamine (TB/OA/OAM) [36]. Oleic acid was purchased from Sigma
Aldrich (Taufkirchen, Germany), oleylamine (C-18 content 80%–90%) from Acros Organics (Schwerte,
Germany, and titanium butoxide (Ti(OBu)4) (97% purity) from Sigma Aldrich (Taufkirchen, Germany).
Typically, OAM and OA, as well as ethanol (EtOH) (absolute, 99% purity, Fisher Chemicals, Schwerte,
Germany), were added in the Teflon inset, and stirred with a magnetic stirrer. After the addition of TB,
stirring was continued for 10 min. The vessel was sealed with a Teflon lid, and set into a stainless steel
autoclave. The autoclave was heated in a furnace to the reaction temperature for a determined time.
Afterwards, the autoclave was cooled down to room temperature, and the product was transferred
into 50 mL polystyrene tubes. Particle solutions were centrifuged and purified by washing with EtOH
by suspension and centrifugation cycles. The obtained powder was dried at room temperature and
characterized by powder XRD and TEM measurements. For the transmission electron microscopy
analysis, the samples were dispersed in n-hexane (Riedel de Haen, 99% purity, Seelze, Germany) in
an ultrasonic bath. The suspension was deposited on a carbon film copper mesh and dried. Best results
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were obtained with 1.44 mL TB (4.25 mmol), 4.04 mL OA (12.73 mmol), 2.79 mL OAM (8.48 mmol), and
without EtOH. The stirring time was 8 min, and the autoclave was heated 18 h at 180 ◦C. Measurements
were performed on the ZEISS LIBRA 200FE microscope (ZEISS, Oberkochen, Germany) in transmission
mode operated at 200 kV. For the determination of particle size, at least 200 particles were counted,
and the statistical analysis of the images was performed with the software ImageJ (Version 1.43u).

Formation of self-assembled TiO2 NP monolayers. Self-assembled monolayer arrays of TiO2

NPs were formed following an approach within the literature [33]. TiO2 NPs prepared by solvothermal
synthesis were dispersed in different non-polar solvents, or mixtures of the solvents, by ultrasonication.
If the solution was turbid, despite continued ultrasonication, solutions of oleylamine or oleic acid
in hexane were added until clear NP dispersions were obtained. A Teflon disk with a thickness of
ca. 2 mm, an outer diameter of ca. 5 cm, and an inner circular hole with a diameter of ca. 2 cm was
utilized for the self-assembly. The inner circular hole had to exhibit a sharp edge. The Teflon disk was
placed on two 1 cm-high Al cubes standing in a Petri dish, and the whole setup was carefully leveled.
Subsequently, tap water was filled into the Petri dish until the water surface contacted the underside
of the disk. At this point, further tap water was slowly added with a Pasteur pipette until a concave
upward curvature of the water surface was visible inside the inner circular hole of the Teflon disk.
Drops of water were added until the water curvature changed to a slight convex upward curvature.
The Petri dish was protected by a glass cylinder with a height of ca. 5 cm to minimize the influence of
air currents on the surface. Approximately 0.4 mL of the NPs solution was gently dropped on the water
surface, and the organic solvent was allowed to evaporate in the closed laboratory hood for 10 min.
The air flow of the laboratory hood was measured with an anemometer. The colloid concentration,
as well as the solvent or solvent mixtures, were investigated. The temperature and air velocity of
the laboratory hood could not be controlled during the experiments. Best results were obtained with
0.56 mg/mL TiO2 NPs in 2.07 mL pentane, 0.85 mL DCM (100% purity, VWR Chemicals, Langenfeld,
Germany), and 50 μL of 7.6 mmol oleylamine in hexane solution.

For TEM characterization of the self-assembled TiO2 NPs, the film on the water surface was lightly
touched with the carbon-coated side of a carbon-coated cooper grid (S160, Plano, Wetzlar, Germany).
Residual water was carefully removed with a tissue.

RS devices were prepared by two different approaches. For the one-step method, the TiO2 NP
films floating on the water surface were gently touched with the Pt/Ir surface, and afterwards allowed
to dry. For the other approach, a microcontact printing two-step method was applied from the literature.
For the preparation of the PDMS stamp, glass microscope slides were placed in a plastic weighing
dish and covered with Canada Balsam (Sigma Life Science, Taufkirchen, Germany) and nail polish
3 in 1 XXXL shine (Essence Multi Dimensions, Sulzbach, Germany). Subsequently, a silicon wafer
with a native SiO2 oxide layer was glued to the glass substrate with the non-polished side, and dried
for 30 min at 70 ◦C. Silicon oligomer and the catalyst of the SYLGARD® 184 Silicone Elastomer Kit
(Dow Corning, Wiesbaden, Germany) were mixed in a 10:1 weight ratio and filled into the weighing
dish, covering the polished SiO2 surface, under stirring for ca. 10–15 min. After aging for 20 min,
the polymerization process was continued at 70 ◦C for 3 h. Before usage, the PDMS stamps were
peeled of the SiO2 wafer, and cut into the corresponding shape for the Pt/Ir electrodes. Directly before
usage, the stamps were immersed into hexane, and subsequently in EtOH, for 5 min each, and dried
with a stream of N2. A PDMS stamp was used to transfer the NP films from the water surface onto
the Pt/Ir electrodes. The stamp was pressed lightly onto the films on the water surface, residual water
was wiped off with a tissue, and finally, the stamp was pressed onto the Pt/Ir surface to transfer
the TiO2 NP films. The transferred films on the Pt/Ir surface were characterized by AFM. Prior to
the electrical characterization in SEM, the (Pt/Ir)/TiO2 NP film substrates were treated with O2 plasma
to remove residual oleylamine or oleic acid ligands. The electrical characterization was performed by
means of the nanorobotics setup in SEM, as well as by means of LC-AFM. The SEM chamber, and thus
the measurement tips, as well as the TiO2 NP film, were treated with Ar plasma prior to the experiments.
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Preparation of Pt/Ir bottom electrodes. Silicon wafers were cleaned in an ultrasonic bath with
ultrapure water first, followed by EtOH, and then dried with N2. A Ti adhesion layer with a thickness
of 10 nm, and a Pt/Ir (80:20) alloy layer with a thickness of approximately 160 nm, were deposited on
the wafers by direct current (DC) sputtering (0.01 mbar Ar/100 W).

Preparation of Pt/Ir coated tips. AFM tips with a spring constant of approximately 40 N m−1 and
with a special geometry were purchased from ATEC-NC, Nanosensors, Wetzlar, Germany. The front
part of the cantilever is visible from the top, and thus can be monitored in the SEM. The tips
were isotropically coated with Pt/Ir by radio frequency (RF) sputtering (0.017 mbar Ar/40 W).
Metal-coated tips were freshly prepared before the measurements, and measured in the SEM to
exclude contamination or damage of the tips. The obtained coated probes had a radius of curvature of
approximately 100 nm.

Electrical characterization with nanorobotics setup in SEM. The electrical characterization
was performed in situ in a field-emission scanning electron microscope ZEISS Supra 35-VP (ZEISS,
Oberkochen, Germany) using a nanorobotics setup (Klocke Nanotechnik GmbH, Aachen, Germany)
and a semiconductor analyzer (Agilent 4156C, bsw TestSystem & Consulting AG, Ismaning, Germany).
Detailed information about the setup is given elsewhere [40]. Prior to the measurement, the electric
conductivity of the tips was determined by contacting two tips with each other and measuring voltage
sweeps from −10 mV → 10 mV → −10 mV. Experiments were only continued if a linear I–V behavior
was observed, and a resistance below 1000 Ω was measured. Typically, the probe/probe resistance was
ca. 400–600 Ω. Additionally, before addressing a TiO2 NP film spot, the probe was brought into contact
with the Pt/Ir bottom electrode. Again, measurements were only continued if a linear I–V behavior
was observed, and a resistance below 1000 Ω was measured. This control was repeated during the
measurements. The voltage was applied to the Pt/Ir tip electrode, while the Pt/Ir film was grounded,
and voltage sweeps from 0 V → X V → 0 V → −X V → 0 V, 0 V → −X V → 0 V → X V → 0 V
were applied under high vacuum conditions (10−6 mbar). I–V curves were recorded with a current
compliance (CC) to protect the metal coating of the tip electrode. Voltages and CC were varied during
the experiments.

Electrical characterization with local conductive atomic force microscopy. LC-AFM measurements
were performed at ambient pressure with a Cypher AFM from Asylum Research, Wiesbaden, Germany.
Conductive diamond tips AppNano Doped Diamond with a radius of curvature of 100–300 nm
were utilized.

Supplementary Materials: The following are available online at www.mdpi.com/2079-4991/7/11/370/s1, Figure
S1: Histograms of the synthesized TiO2 NPs’ longitudinal and transversal (a,b), Figure S2: Exemplary TEM
images of the synthesized TiO2 NPs (a,b) and corresponding histograms of NPs’ longitudinal (7.9 ± 2.2) nm and
transversal (4.8 ± 0.8) nm (c,d), resulting in a mean particle diameter of (6.3 ± 1.9) nm. Powder XRD patterns of
the NPs (black) and literature anatase data (red) (e) [38], Figure S3: Exemplary TEM images of the self-assembled
TiO2 NP film (a,b). Tapping mode AFM images of the TiO2 NP film transferred to a Pt/Ir surface by the one-step
method. (c,d). Corresponding height profile (e) taken along the white line in (d) showing the height differences of
approximately 8 nm, Figure S4: SEM image without enhanced contrast of a TiO2 NP film on the Pt/Ir surface,
and on the left-hand side, the Pt/Ir coated tip electrode is visible, Figure S5: Three consecutive switching cycles
recorded on a TiO2 NP monolayer (a), and subsequent permanent LRS (b), Figure S6: SEM image of a TiO2 NP
layer after a SET process. The tip was lifted off the TiO2 NP layer, revealing a morphologicaly change of the layer.
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Abstract: A thorough study on the distribution of defect-related active energy levels has been
performed on nanocrystalline TiO2. Films have been deposited on thick-alumina printed circuit
boards equipped with electrical contacts, heater and temperature sensors, to carry out a detailed
thermally stimulated currents analysis on a wide temperature range (5–630 K), in view to evidence
contributions from shallow to deep energy levels within the gap. Data have been processed by
numerically modelling electrical transport. The model considers both free and hopping contribution
to conduction, a density of states characterized by an exponential tail of localized states below the
conduction band and the convolution of standard Thermally Stimulated Currents (TSC) emissions
with gaussian distributions to take into account the variability in energy due to local perturbations
in the highly disordered network. Results show that in the low temperature range, up to 200 K,
hopping within the exponential band tail represents the main contribution to electrical conduction.
Above room temperature, electrical conduction is dominated by free carriers contribution and by
emissions from deep energy levels, with a defect density ranging within 1014–1018 cm−3, associated
with physio- and chemi-sorbed water vapour, OH groups and to oxygen vacancies.

Keywords: thermally stimulated currents; photocurrent; titanium dioxide; hopping; nanoporous film;
desorption current; chemisorbed current

1. Introduction

The study of the electronic transport in nanocrystalline Titanium dioxide (nc-TiO2) is motivated
by its wide range of application, from catalysis to green energy systems such as Dye Sensitized
Solar Cells (DSSCs) [1] and toxic gas sensing devices [2]. In fact, performances of devices based on
nc-TiO2 strongly depend on electron transport mechanisms, which can be very different from those
dominating in the bulk single-crystal semiconductor, due to the complex morphology structure and
to the huge active surface of this porous material with respect to its volume. Investigation of the
electrical transport properties of nc-TiO2 and its relationship with surface and bulk defects is thus
strategic in the perspective of increasing their performance. A model of the electrical conductivity in
nc-TiO2 that takes into account all the complexities of this material (disorder, fractional dimensionality
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of the nanoporous material and potential barriers between the constituent nanoparticles) is still
lacking; its implementation is a cumbersome task. In order to progress in this direction, a systematic
characterisation of defects states, in the widest range of energy and an evaluation of their concentration
in the material is mandatory.

The thermally stimulated current technique is one of the most effective tool for characterizing
electrical defects in semiconductors. In this paper, we apply this method to get an overall picture
of defect distribution in nanocrystalline Titania used in state-of-art DSSC devices. For ordinary
semiconductors the well established models of the Thermally Stimulated Currents (TSC) give
a quantitative description of the experimental results and then allow the extraction of the
parameter values; for disordered semiconductors in general, and more specifically for nanocrystalline
mesoporous materials, only a few studies are available and, as a consequence of their complexity, of
difficult implementation for a numerical fit of the experimental data [3]. These latter give evidence that
TiO2 nanoparticles have a great number of bulk and surface defects inducing a structural and energetic
disorder, and, as a consequence, a continuum of levels into the band gap [4]; but the experimental
frame is even more complex because when a film is deposited, the nanoparticles give rise to a porous
network, with a porosity typically ranging between 0.5% and 0.7% [5], where a large amount of
them are separated by potential barriers [6]. A theory of the electrical conduction in disordered and
nanocrystalline materials is the basis for a model of the conductivity in the mesoporous TiO2 [7] and
several studies have been devoted to establish if the hopping or multi-trapping mechanism prevails.
The conduction in the hopping mechanism is given by the carrier tunneling between different sites, and
in the multi-trapping mechanism by a series of successive events where the carriers are temporarily
promoted from localized levels to the conduction band; unfortunately the experimental signatures
of the two mechanisms are indistinguishable and then what is the prevailing mechanism is still
debated [8–11]. To take into account the porosity of the medium or the interparticle barrier get more
complex the theoretical description of the conductivity and we must refer ourselves to models of a
disordered medium of fractional dimensionality, i.e., intermediate between 2D and 3D, or to models of
a network of perfect nanoparticles; specifically as far as TiO2 is concerned, to our knowledge, these
aspects have been considered only at a qualitative level [5]. In consideration of the above sketched
complexities some strong simplification is necessary in order to extract quantitative information
concerning the carrier transport, and specifically the TSC.

The model of Thermally Stimulated Currents (TSC) used to interpret our experimental results,
takes account of the heavily disordered microscopic nature of nc-TiO2. In this work, we adopt the
model usually considered for electrical transport in nc-TiO2 which treats this material as a strongly
disordered 3D medium and neglects the potential barriers at the grain interface [8,12]; this, despite
the strong simplification that it implies, is able to give reason of the main features of the electrical
transport and is simple enough to allow the implementation of a numerical algorithm useful for
fitting the experimental data. In our model we avoid any a priori assumption about the conduction
mechanism, and this is essential because, as we will show, in general both the hopping and free carrier,
i.e., the multitrapping, contributions must be taken into account for the electrical conductivity [13]:
the possible prevalence of the one or the other depends on the temperature and the Fermi level position.
Developed from reference models given in [13–15] and first applied in [16] to get an insight about
the prevalence of hopping against multitrapping conductivity in nanocrystalline titania below 200 K,
in this paper the model has been further extended to determine main parameters of the band tail,
as energy decay constant, defect and recombination centres concentrations, hopping frequency factors.
Moreover, our results, extended up to 630 K, show that hopping conductivity can be neglected over
200 K, where conductivity appears to be dominated by discrete energy levels in the forbidden gap,
probably related to water, OH groups and oxygen vacancies, which role in transport properties is
nowadays still a matter of intense debate [17,18].
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2. Mixed Conduction Model in nc-TiO2

In heavily disordered semiconductors, significant carrier hopping can occur between localized
sites, whose energies fall within the band gap, giving a non-negligible contribution to the electrical
conductivity. As a result, mixed conduction mechanisms with hopping and free carriers contributions
should be taken into account when discussing the electrical transport in such a material, especially at
low-to-moderate temperatures and high carrier densities.

As it is usually done, we consider the nc-TiO2 as a strongly disordered intrinsic semiconductor
whose charge carriers are electrons: then the Density of States (DoS) is modelled in the simplest way
as the sum of the extended state contribution (i.e., the conduction band), with the typical square
root dependence on energy, and the localized state contribution characterized by an exponential tail,
below the conduction band, as for amorphous materials [19]. In fact, this model neglects the DoS
features in the intermediate region connecting the exponential Urbach tail and the conduction band,
whose description has been object of several studies [20]. Such expressions are rather complex and
their use, even at the cost of the computation time, do not provide substantial improvements to the
fitting procedure. Moreover, in our measurements the Fermi level never attaints this region and the
hopping, as well the multi-trapping, take place over an extended part of the DoS, then coming rather
insensitive to the DoS details. Then, the density of states in the overall energy range, putting at ε = 0
the border between extended and localized states, is given by the function:

g(ε) =
NL

EL
θ(−ε)e

ε
EL + θ(ε)NC0

√
ε + EB, (1)

with θ(ε) Heaviside function, EL tailing factor, NL =
∫ 0
−∞ g(ε)dε total density of localized states within

the band gap. NC0 is related to the effective density of states at the conduction band minimum.
The value NC0 = 4 × 1019 cm−3 · meV−3/2, used for all subsequent calculations, has been chosen in
order to get at room temperature NC = 5.2 × 1021 cm−3, typical for TiO2. The energy parameter:

EB =

(
NL

NC0EL

)2
, (2)

is introduced so as to have the continuity of g(ε) at ε = 0. The DoS obtained with this procedure is
shown in Figure 1.

Figure 1. Density of states (DoS) as obtained with an exponential decay tail in the forbidden gap and a
square root dependence in the conduction band region. The boundary is kept at εC = 0, minimum of
the conduction band. Conduction is due to both free electrons in the conduction band and to hopping
at localized states.
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Mixed electrical conductivity, in case of a n-type nc-TiO2 layer, is the result of transport processes
of both hopping electrons within the band tail and free electrons in the conduction band, as depicted
in Figure 1, then for the total conductivity we have:

σ = σH + σC = qμHnH + qμCnC, (3)

where σH and σC, μH and μC, nH and nC, are conductivity, mobility and electron concentration of
hopping carriers and free carriers respectively; q is the electron charge. In (3) μH is an effective
mobility that must be calculated taking into account that the hopping probability depends on the site.
Assuming the validity of the Einstein relation, the hopping mobility is related to the carrier energy
through the diffusivity D(ε):

μ(ε) =
q

KBT
D(ε) =

q
KBT

r(ε)2ν, (4)

with ν hopping rate and r(ε) average distance between hopping sites available for hopping for carrier
with energy ε. The rate for hopping from site i to site j, respectively characterized by energies εi and εj,
is given by the Miller-Abrahams [21] model:

ν = ν0e−2
rij
α − εj−εi

KBT , εi < ε j

ν = ν0e−2
rij
α , εi > ε j

(5)

where rij is the distance between sites at εi and at ε j, α is the localization radius of the electron and ν0 is
the hopping frequency coefficient.

The localization radius can be assumed as a constant, of the order of a few angstrom,
for states deeply localized, but when approaching the boundary ε = 0 with the extended states this
length diverges. Then, as the hopping probability depends exponentially on this length, the description
of the conduction for carriers localized in states near the mobility edge must take into account
this behavior. This divergence, according to several models, behaves as ε−γ with γ ranging between
0.5 and 1.5 [19]. Here, we assume for the localization length α:

α(ε) = α0

(
1 − z

ε

)γ
, (6)

with α0 carrier localization length of the deep states and z the energy to which α starts to diverge.
The evaluation of the hopping conductivity requires some kind of approximation in order to get an
expression useful for fitting experimental data. A considerable simplification is usually obtained
referring to the “transport energy” level [8,14,22], that plays for hopping the same role of the mobility
edge for the free carriers, but for a quantitave description of the TSC is necessary to go beyond this
approach [13]. Then, to this purpose, we will follow the approach proposed by Nagy [15] where the
hopping conductivity can be calculated as:

σH(T) = q
∫

μ dn = ν0
q2

KBT

0∫
−∞

g(ε) f (e, EF, T)r(ε)2e−2 r(ε)
α(ε) dε, (7)

where r(ε) is an average hopping distance for a site of energy ε, defined in term of the concentration of
the available (unoccupied) final states:

1
r(ε)3 = 4π

3BR3
L

(∫ ε
−∞

g(ε′)
NL

[1 − f (ε′, EF, T)]dε′ +
∫ 0

ε
g(ε′)
NL

[1 − f (ε′, EF, T)]e
ε−ε′
KT dε′

)
,

1
RL

3 = 4π
3

∫ 0
−∞ g(ε′)dε′ = 4π

3 NL

(8)

f (ε, EF, T) = 1 − e
ε−εF
KT +

1
2

e
3(ε−εF)

2KT ε ≤ εF
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f (ε, EF, T) = e−
ε−εF
KT − 1

2
e−

3(ε−εF)
2KT ε ≥ εF

with f (ε, EF, T), Fermi-Dirac distribution function, α given by Equation (6) and B the percolative limit
factor, namely the average number of site links, a parameter dependent on the system dimensionality
(B = 2.7 for 3D hopping [14]). The integral in Equation (8) is splitted in two terms the first one taking
into account, for the level of energy ε , the number of sites reachable with a down conversion process,
having probability 1, the second the number of the sites reachable with a thermally activated up
conversion process whose probability is given by the Boltzmann factor.

The Fermi energy EF is obtained by evaluating the total electron concentration n as the sum of the
electron density in the band tail (ε < 0), nH, and in the conduction band (ε > 0), nC; then n = nC + nH,
where:

nH =
∫ 0

−∞
g(ε) f (ε, EF, T)dε, nC =

∫ ∞

0
g(ε) f (ε, EF, T)dε, (9)

Finally, the contribution of free electrons to the electrical conductivity is given by the typical
expression of the conductivity for electrons in the conduction band:

σC(T) = qμCnC = q
μC0

(KBT)3/2 nC, (10)

with nC as calculated from Equation (9). A typical value for the TiO2 mobility constant is μC0 = 1 cm2

meV3/2/Vs, which gives a room temperature mobility μC = 7.5 × 10−3 cm2/Vs [23].

3. Rate Equations for Priming and Thermally Stimulated Process

The rate equation for hopping and free carriers is:

dn
dt

= −
(

dnH

dt

)
− nC

τC
+ S(t), (11)

where S(t) is the generation rate during priming (e.g., light exposure, null during the TSC scan).
Here conduction carriers decay is considered via annihilation on recombination centers or trapping
from deep levels, characterized by an active energy level within the gap. The free electron lifetime, τC,
is typically dependent on the defect capture cross section σt and concentration Nt:

1
τC

= Ntσt〈vth〉 = Ntσt

√
3KBT

m
, (12)

where m is the effective mass of the free carriers (in TiO2 it is about 7 times the electron mass m0 [24])
and 〈vth〉 their average thermal velocity. In general, in a disordered semiconductor, defects may have a
spread in energy, so its concentration is calculated through a gaussian distribution:

Nt =
Nt0√
2πσEt

∫
e
− (ε−Et)

2

2σEt
2

dε (13)

The decay of the hopping carriers, in turn, is given as [14]:

(
dnH

dt

)
dec

= −
∫ 0

−∞

g(ε) f (ε)
τ(T, ε)

dε, (14)

1
τ(T, ε)

= Nt
r(ε)2D(ε)

α
= ν0Nt

r(ε)4

α
e−2 r(ε)

α , (15)

In the following, we will describe results of decayed/fractionated Thermally Stimulated Currents
(TSC) experiments [25] analyzed with the mixed conduction model described above. In this method,
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after priming the sample only once at a low temperature, successive cycles of heating/cooling are
applied to fractionally deplete levels of lowering energy. The sample is heated up to a first maximum
temperature Tstop and cooled down to a first minimum temperature Tstart then it is heated and cooled
again to higher T values and so on, eventually up to the final temperature.

At first, we have used the decayed TSC method to get useful information about the DoS shape.
For each scan of the decayed TSC, we extracted the couple (Eact, Q) with Eact = activation energy as
determined from the initial rise of the TSC and Q = emitted charge calculated by integrating the TSC
of the corresponding scan [25]. In this way, we obtained the DoS shape as a function of the energy by
plotting the charge released at each step as a function of the activation energy Eact.

Then, delayed TSC measurements have been best fitted using the mixed conduction model,
considering a constant heating/cooling rate: β = dT

dt , starting from the initial condition due to priming,
stated that in between two scans there is a time delay in which the electrical state of the sample evolve
very slowly. So, assuming the initial state got from priming, it is possible to fit the entire sequence of
the delayed TSC at once. The rate equation is solved starting from an evaluation of the Fermi level,
then the distance between hopping sites, the hopping carrier density and the average hopping rate
are obtained and finally iterating for each temperature the calculation is performed for the entire
experimental data set.

In the high temperature range, above room temperature, when conductivity is mainly due to
free carriers and hopping can be neglected, in our model TSC is considered as dominated by deep
centers with discrete energy levels Et in the forbidden gap, characterized by a capture cross section σn

(for electrons) and a trap Nt concentration. So, we consider the standard TSC expression as [26]:

ITSC(T) = qμC(T)∑ NtFen(T)e
− 1

β

∫ T
Ti

en(T)dT , (16)

with en(T) = NCσnvthe−
EC−Et

KBT emission constant, Σ surface normal to electric field F, Ti initial
temperature of the scan. Due to the disorder in the nanocrystalline material, the TSC peak usually
results in a peak broader in temperature than the standard one. This is due to the fact that the energy
Et of a defect varies within a certain range due to local morphological changes. We have taken into
account that by convoluting the TSC peak with a gaussian distribution, as given in Equation (13).

4. Experimental Set-Up and Procedure

To manufacture our samples, we used a colloidal system produced by Solaronix (Aubonne,
Switzerland), containing about 11 wt %. nanocrystalline titanium dioxide mixed with optically
dispersing anatase particles (13/400 nm, Ti-Nanoxide D/SP). This commercial product, specifically
developed for prototypal electrodes in DSSCs is an anatase titania particle paste for the deposition
of active opaque layers. A mixing of large, 400 nm average size, and small, 13 nm average size,
nano-particles ensures both very high surface area and efficient light diffusion. We deposited the
nc-TiO2 paste on alumina substrates having two parallel gold contacts, 7 mm long and spaced 0.8 mm;
thickness of the film is about 1 μm. A picture of the sample is shown in Figure 2. After deposition,
the films have been syntherized in two steps, 30 min each, first at 280 ◦C and then at 450 ◦C.
The current-voltage characteristics of the sample showed an ohmic behaviour in the overall investigated
range (0–100 V) with room temperature resistivity of the order of 2 × 108 Ωm [27]. In a typical DSSCs,
with a 2 μm-thick nc-TiO2 film, a voltage of about 0.5 V is applied and an average electric field of about
2.5 × 105 V/m is settled. In our TSC measurements we therefore chose to apply a bias of 100 V across
the sample, in view to get an electric field of the same order of magnitude, considering the increased
distance between our planar electrodes.
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Figure 2. Nc-TiO2 film deposited on an alumina chip for Thermally Stimulated Currents
(TSC) measurements.

To perform TSC measurements in the temperature range 5–300 K, the alumina substrates coated
with the nc-TiO2 have been placed in a sample holder equipped with a 4 Ω wounded-wire heating
resistor and a silicon temperature sensor (Leybold GmbH, Köln, Germany). The sample-holder has
been inserted into a dewar containing liquid He (LHe) and positioned over the LHe vapours to
ensure stable temperatures down to 4.2 K, minimize thermal inertia and reduce possible mismatch
between the sample and the thermometer. Details of the experimental setup are given in [28].
Polarization of the sample and current reading was performed by a Keithley 6517 electrometer
(Tektronix Ltd., Berkshire, UK), the heater was biased by a TTi QL564P power supply (TTI, Inc.,
Maisach-Gernlinden, Germany) and temperature was read by a DRC91C temperature controller
(Lake Shore Cryotronics, Inc., Westerville, OH, USA). Priming was performed by a Light Emitting
Diode (LED) source placed in front of the sample inside the sample holder. We used two priming
sources: a 400 nm Ultra Violet (UV) and a 355 nm UV LED (Roithner-Lasertechnik, Vienna, Austria),
having 12 mW (typical) and 8.4 mW (maximum) output power, respectively. LEDs were driven by a
Systron Donner 110D pulse generator (Systron Dr, Concord, CA, USA). The light spot on the sample
during illumination has a diameter of about 2 mm.

Delayed TSC measurements have been performed as follows. We primed the sample at a low
temperature T0 with the LED source, biasing the sample at 100 V. Then, we waited a time interval
to make fast transient effects relaxing and to get a constant temperature on the whole sample. Then,
fractionated TSC analysis has been carried out performing different heating/cooling cycles up to 300 K.
TSC has been also studied in the temperature range from 300 to 630 K using a different chamber where
heating/cooling is performed by a system controlling temperature, pressure and gas composition.
During each TSC measurement, both in the low and high temperature ranges, the scan rate was fixed
at 0.1 K/s.

5. Experimental Results and Discussion

Figure 3 shows a typical TSC spectrum observed in the overall range 5–630 K obtained with the
procedure described in the previous section. A fractionated TSC is performed up to 300 K, after priming
at 5 K. Then, a second priming is carried out at 300 K inside the high temperature TSC setup and a
second TSC analysis is performed up to 630 K. The low temperature analysis is divided into 4 TSC
fractions in the ranges: 5–20, 20–80, 80–180, 180–300 K, then, a unique TSC curve is measured after
priming at 300 K up to 630 K. At last, a final cooling step from 300 to 250 K is measured to close the
whole cycle.
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Figure 3. Fractionated TSC analysis performed in different cycles of measurements after ultraviolet
(UV) priming at 5 K. Inset on the left shows an enlarged view of the 5–20 K temperature range.

Main conductivity processes in the two temperature ranges 5–300 K and 300–630 K are different.
In fact, in the low T range, hopping conduction is non- negligible against free conduction. Conversely,
in the high T range conductivity is mainly due to free carriers. Moreover, in this latter case, the influence
of the surrounding gas atmosphere to the charge state of deep discrete levels in the forbidden gap
cannot be neglected. Thus, in the following, we will discuss separately results measured below and
above room temperature.

5.1. TSC Analysis below Room Temperature

Figure 4 compares the TSC spectrum measured in the low T range together with TSC data
reported in past for single crystal TiO2 [29]. The experimental peaks for sc-TiO2 have been multiplied
respectively by 1700 (120 K) and 500 (230 K) to compare with those measured with the nc-TiO2 ones.
The lower TSC signal observed in single-crystal TiO2 indicates that defect concentrations here is far
below those encountered in the nanocrystalline morphology.

Figure 4. Fractional TSC measured with the nc-TiO2 film in the range 5–300 K compared with
experimental TSC peaks reported in [29] for single crystal TiO2 and with a best fit obtained considering
a standard TSC emission from discrete energy levels. The experimental peaks for sc-TiO2 have been
multiplied respectively by 1700 (120 K) and 500 (230 K) to compare with those measured with the
nc-TiO2 ones.
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In single crystal TiO2, two peaks related to two discrete energy levels at 120 and 230 K are
present, which can be described in terms of standard TSC emissions [26] as given in Equation (16).
In nanostructured TiO2, we observe a much broader peak at 120 K, which cannot be described in terms
of standard single-level TSC emission, and a peak at 220 K, rather similar to the one measured in single
crystal TiO2. In the figure, a best fit of this latter peak is shown, obtained with a standard TSC analysis
(Equation (16)), a very high capture cross section, σn ≈ 10−10 m2 and Et ≈ 0.8 eV, Nt ≈ 1014 cm−3.

To investigate the origin of the broad band peaked at 120 K, we then performed a measurement
in the same temperature range with more delayed heating steps (up to 10). Results are shown
in the inset of Figure 5. We note that, in a standard thermally activated emission where carriers
are emitted from discrete energy levels towards the corresponding extended band, the current
measured at the foot of the TSC curve in each heating/cooling step has a dependence on temperature

given by: I( T ) ∝ T2e−
Eact
KBT , while if hopping conduction dominates, the dependence should be

(Mott’s expression): I(T) ∝ e−(
T0
T )

4

[30]. Inset of Figure 5 shows current measured in the range 5–150 K
in a Mott plot. Indeed, the foot of the logarithmic plots at each heating/cooling stage is linear with
T−1/4, in agreement with the fact that hopping conduction is prevailing in this temperature range and
that, as suggested by [13], it should be related to a band tail deforming the DoS shape close to the
mobility edge.

As described in the previous section, to investigate the DoS shape we evaluated, for each scan,
the activation energy in the rising foot range of each peak and the corresponding total emitted charge.
The result is shown in Figure 5, where the total charge is plotted as a function of the activation energy.

Results evidence a mono-exponential DoS: f (ε) = QLe
ε

EL (E), in the energy range 0.1–0.6 eV with EL

tailing factor.

Figure 5. Emitted charge plotted as a function of the activation energy measured in the rising range
of each peak of the fractionated TSC experiment shown in the inset. The exponential fit reflects the
trend of the band tail in the deepest range within the forbidden gap. Inset: Delayed TSC in the range
5–150 K plotted as a function of 1/T1/4 to evidence the contribution of hopping conduction in the
electrical transport.

Best fit gives: EL = 47.5 meV, QL = 2.8 × 10−5 C, values fairly in agreement with literature [31].
We note that in the low energy range of the plot, the charge is lower than the expected value indicated
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by the exponential trend. This can be explained considering that priming could not fill all the states
in the highest part of the band tail, close to the boundary point at ε = 0. As a strong evidence of this,
using a deeper UV LED (355 nm) the drop appears for shallower energies with respect to the shallower
UV LED (400 nm). Considering a 2 mm diameter light spot and a sample thickness of about 1 μm,
the effective volume involved in this process is: Vol ≈ π × 10−12 m3 and a rough estimate of the
density of states is: NL = QL

qVol ≈ 5 × 1019 cm−3.
To best-fit our TSC measurement, we considered as fixed a group of parameters, related to

the crystalline quality of our sample, mainly NC0, μC0, α and γ, already given in [13]. Then,
we determined first the best-fit of a TSC peak from a unique scan through a χ-square procedure by
opportunely changing variable parameters starting from values of EL and NL obtained from Figure 5.
Significant parameters as frequency factor ν0, concentration of recombination centres, Nrec, initial
Fermi level position EF0 (this latter due to the filling procedure and calculated from the conduction
band miminum) have been opportunely changed to improve our simulated peak. Figure 6 shows,
as an example, how these variable parameters can affect the process. In the figure, the red curve
is our best fit, obtained with EL = 60 meV, NL = 1020 m−3, Nrec = 7.5 × 1021 m−3, frequency factor
ν0 = 4 × 1012 s−1, EF0 = 66.5 meV. Other curves in the plot are obtained with same parameters apart
from one that has been intentionally changed to evidence its influence on the simulation. Green line,
uses a higher recombination centre concentration, Nrec = 6.0 × 1022 m−3, this fasten the decay of
the TSC peak in the high temperature region, due to a reduced charge lifetime. Violet curve comes
from a lower energy decay factor, EL = 50 meV, enhancing emission of charges at low temperature.
Orange line is characterised by a lower frequency factor, ν0 = 2 × 1012 s−1, bringing to a smoothed
peak. Finally, the blue curve has been calculated using a deeper initial Fermi level, EF0 = 72.2 meV,
corresponding to less initial charge within the hopping band tail after the priming process. In this
case, a lower emission especially in the low temperature range is observed, as expected. So, each
parameter is influencing a particular range of temperature and a peculiarity of the complex shape of
the emission and, even if many parameters are inter-playing in the formation of the whole peak, each
can be optimized almost individually to improve the overall simulation.

Figure 6. Fit procedure of data measured during a unique TSC emission in the range 5–200 K
(convoluted from data of Figure 3). Red: best fit obtained with Nrec = 75 × 1020 m−3, frequency
factor ν0 = 4 × 1012 s−1, EF0 = 66.5 meV, EL = 60 meV, NL = 1020 m−3. Green: same with higher
concentration of recombination centres Nrec = 6 × 1022 m−3, violet: same with lower EL = 50 meV,
orange: same with lower frequency factor ν0 = 2 × 1012 s−1, blue same with lower initial Fermi level
EF0 = 72.2 meV.
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Best-fit of TSC experimental data shown in Figure 4 in the low temperature range, obtained using
our mixed conductivity model taking care of the band tail in the range down to 0.6 eV plus a discrete
level at 0.8 eV, is shown in Figure 7. Of note the agreement between numerical and experimental data
in the overall range, up to almost 4 orders of magnitude of the current. A disagreement is observed
at high temperature, where the experimental current stabilizes itself on the pAs range, while in the
numerical model it decreases to lower values, as a consequence of the decrease of the Fermi level
towards midgap. The pAs contribution to the current could be due to the residual presence of water
vapor physisorbed on the film surface, as discussed in the next section.

Figure 7. Experimental TSC measured in the 5–250 K range and best fit obtained considering the mixed
conductivity model taking care of both hopping and free carriers conduction plus emission from a
discrete energy level at 0.8 eV.

5.2. TSC Analysis above Room Temperature

In this temperature range, the effect of hopping conduction should become more and more
negligible against free carrier one. Moreover, physisorption and chemisorption mechanisms at surface
should also participate to conduction. In particular, dangling bonds at the nc-TiO2 surface are capturing
and releasing oxygen depending on pressure and relative humidity, these effects should be possibly
investigated separately. To this purpose, we performed different sets of measurements as follows.

5.2.1. Current vs. Temperature with No Priming

Measurements are performed without previous priming. Using a low heating/cooling rate
(0.1 K/s) as a first approximation we can assume a quasi-stationary equilibrium. The sample is kept in
dark with air at a pressure of 1100 mb, slightly higher than ambient pressure. A typical measurement
is presented in Figure 8.

Figure 8. Current measured as a function of reciprocal temperature during a quasi-stationary heating
process, in the range 300–600 K with no priming. Dark: data, red: best-fit.
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The Arrhenius plot shows two distinct ranges: up to about 400 K the current decreases increasing
the temperature T, then it increases with T. To explain this behavior we can consider the model
proposed by [32], taking account of two dominant defects, one acting as a trap, the other as a
recombination center (probably associated to dangling bonds at surface, releasing holes via a thermally
activating process). Neglecting the small contribution of the hopping, the rate equation for the charged
carriers (free electrons and holes concentrations are denoted by n, p) is then given by:

dn
dt

= Nt1c1e−Et1/KBT − Bnp − (n − n0)γ, (17)

The first term of the right side is due to emission of electrons from the trap of energy Et1,
concentration Nt1 and frequency factor c1. The second term describes the recombination of electrons
with holes at the recombination center. We here assume that also hole capture is a thermally activated
process: p = Nt2c2e−Et2/KBT , with Nt2, Et2, c2 respectively concentration, energy and frequency factor
of the recombination center and B a probability coefficient. The third term in Equation (17) takes
account of other possible free electron removal mechanisms, with a coefficient γ, as trapping from
deeper levels, acting on the excess concentration, n0 being the equilibrium electron concentration.

During the current temperature measurements in dry fluxed air the system is actually in a
quasi-stationary regime, so we can reasonably consider dn

dt = 0, then:

n =
n0 +

Nt1c1
γ e−

Et1
KBT

1 + BNt2c2
γ e−

Et2
KBT

(18)

which gives a current dependence with temperature as:

Ifit = F

⎛
⎝ a + be−

Et1
KBT

1 + de−
Et2

KBT

⎞
⎠ (19)

with a = qΣμCn0; b = qΣμC
Nt1c1

γ ; d = BNt2c2
γ and where again Σ is the surface normal to electric

field F. Best-fit of our data with Equation (19), shown in Figure 8, is obtained with energy values:
Et1 = 1.30 ± 0.05 eV and Et2 = 0.40 ± 0.05 eV. To briefly comment on these values, we observe that e.g.,
in [33] shallower defect levels at ∼0.24−0.4 eV in anatase TiO2 were attributed to Ti interstitials, while
deeper ones at ∼0.9−1.1 eV to oxygen-vacancies.

5.2.2. TSC after Storage in Dark and Humid Environment

To analyze the effect of water vapor on TSC data, we first primed the sample by keeping it in a
controlled humid environment (rh = 20%) in dark at room temperature (T = 300 K) for selected time
intervals, up to 14 days. Then, a TSC heating/cooling cycle has been performed by fluxing dry air
with a pressure slightly higher than atmosphere, in view to measure only emissions originated during
charging in the storage period. As an example, Figure 9a,b show TSC experimental data obtained
after 2 and 4 days storage respectively. Curves labeled “data” report experimental measurements,
while those labeled TSC show the thermally stimulated currents obtained by subtracting the current
measured during the cooling scan from that measured during the heating scan. TSC emissions are
observed within two distinct ranges of temperatures: one from ambient temperature, up to 400 K,
the other one above 400 K.
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(a) (b)

Figure 9. TSC after storage in ambient air (T = 300 K) in humid environment (rh = 20%) for (a) two days
(inset: logarithmic plot) experimental data (black); TSC with background subtracted (blue); TSC best fit
(red curve) obtained with a set of 7 peaks with energy Et0 given in the legend; (b) TSC measurements
after four days storage and best fit with same Et0 parameters as in (a).

An evaluation of the main TSC components involved in these measurements has been carried out
in order to identify the origin of the emissions. Measurements show statistically broadened emissions
They can be fitted using TSC peaks convoluted with a gaussian as given in Equation (13). Best fits
have been obtained by opportunely changing trap concentration Nt for a same set of (Et, σEt , σn),
within errors, best fitting the two measurements. Up to seven energy levels are required to fit our data.
Parameters are shown in Table 1, energy levels are peaked at Eto = 0.7–1.14 eV and are characterized
by an energy spread σEt up to 70 meV. As a general trend, increasing the storage time, peaks at low
temperatures decrease their concentration Nt, while those at high temperatures increase Nt. A source
of uncertainty in the determination of concentration for the peak at ambient temperature is due to the
increasing background current observed during the cooling stage, observed especially in Figure 9a.
This effect can indicate reversible charging/discharging of the involved energy states, maybe due to
adsorbing/desorbing from the porous alumina substrate.

Table 1. Best fit trap parameters of the TSC measured after storage in humid air environment at
room temperature.

Peak # Et [eV] σt [eV] σn [cm2] Nt [1016 cm−3] 2 Days Nt [1016 cm−3] 4 Days

1–3 0.70–75 0.070 10−20–10−18 0.34 0.06
4 0.97 0.070 4 × 10−20 0.42 0.07
5 1.14 0.020 2 × 10−19 0.3 1.43
6 1.18 0.007 5 × 10−20 0.82 1.15
7 1.41 0.007 7 × 10−19 0.25 1.14

To comment on the origin of these peaks, we observe that our measurements are in agreement e.g.,
with temperature programmed desorption (TPD) analyses measured in past with TiO2 after exposure
to water. Four peaks at 155, 190, 295, and 490–540 K were observed by [34–37], the first three assigned to
molecular desorption from multilayer, second layer, and first layer states, while the higher temperature
feature was assigned to recombinative desorption. Effusion peaks from water were also observed
in [34] by thermal desorption in the 150–350 K range from porous nanostructured TiO2 and attributed
to physiosorbed H2O, while in [35], two H2O effusion peaks were detected around 440 and 650 K.
Moreover, physically adsorbed and dissociated H2O molecules in nanostructured anatase TiO2 have
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been studied by Fourier Transform InfraRed (FTIR) emission spectroscopy at different temperatures in
the range 100–300 ◦C [38]. A 3665 cm−1 band assigned to OH hydrogen bonded (adjacent) OH groups
was observed to considerably decrease when the sample was heated from 373 to 573 K, while one at
3705 cm−1, attributed to isolated OH groups, more difficult to remove from the surface than adjacent
OH groups, only slightly changed. A 3250 cm−1 component attributed to the stretching vibration of
water molecules that are hydrogen bonded was considerably weakened when heated up to 423 K,
while the one at 3400 cm−1, related to hydrogen-bound surface OH groups (Ti OH), became visible at
this temperature. This latter and the 1625 cm−1 band (identified as the water bond-bending vibration
mode) finally disappeared at 573 K.

Although a direct correlation between TPD, FTIR and our TSC measurements should be performed
when same kind of samples and same experimental conditions are considered, we can qualitatively
conclude that TSC peaks in the range up to 400 K should be related to adsorbed molecular water,
while dissociated species, as hydrogen-bonded OH groups, should be involved in emissions in the
range 400–600 K. In our measurements, increasing the storage time, peaks at low temperature are
decreasing, while those at high temperature are increasing, and eventually saturating. This can be
explained considering that molecular adsorbed water, in time, is slowly evolving into the formation of
hydrogen bonded OH species, more stable at room temperature.

5.2.3. TSC after Illumination in He Atmosphere with Different Pressures

To evidence the effect on TSC of the oxygen-exchange at surface, we performed a set of
measurements were the sample was primed in a dry He atmosphere at different pressure, from 10−6 to
1 bar, at room temperature (T = 300 K), during illumination with a Xe lamp for a selected time interval.
Then, TSC heating/cooling cycles were carried out by fluxing dry air with a pressure slightly higher
than atmosphere, to measure only emissions originated during charging in the storage period. In fact,
it is known that oxygen vacancies can be created by annealing TiO2 at elevated temperatures in an
oxygen-poor environment, such as a pure He gas atmosphere or vacuum condition [39].

Results of photocurrent measurements during priming are shown in Figure 10a. TSC curves after
priming in these conditions are shown in Figure 10b.

Figure 10. (a) Photocurrent measured during priming by illuminating with a Xe lamp the nc-TiO2

sample in an He atmosphere of different pressures at T = 300 K; (b) TSC measured after priming with
1 bar,1 mbar, 10−3 mbar. Heating/cooling cycles are performed in He atmosphere with 1 bar pressure.
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While at 1 bar the photocurrent is almost saturating during priming, at low pressure it increases
superlinearly, a fact that can be explained considering the creation of extra oxygen-vacancies, which
are releasing an ever increasing free carriers concentration, so favoring the passivation of deep traps
during priming. To comment on TSC curves reported in Figure 10b (inset: logarithmic plot) we observe
that, in the case of vacuum priming, the tail in the cooling stage of increasing current below 400 K
observed in case of humid environment (Figures 8 and 9) is almost absent. Then, higher TSC emissions
are observed in the high temperature range in vacuum, showing an increasing number of passivated
deep traps in the priming stage. Best fits of the TSC measurements in He atmosphere have been
performed starting with the same set of energy levels used in the previous section. They are shown in
Figure 11a–c. Measured emissions have been calculated considering TSC peaks statistically broadened
as given in Equation (13). Results are shown in Figure 11a–c respectively for the cases of 1, 10−3,
10−6 bar. Best-fit procedure turns out in a six-fold emission, with trap parameters listed in Table 2.
The fit has been performed considering the same set of values (Et, σEt , σn), within errors, for the three
measurements, and best-fitting the TSC scans obtained by subtracting the response during cooling
to the one measured during heating and by opportunely changing the trap concentration values Nt.
Trap parameters given in Table 2 are in agreement with the model in [40] indicating that localized
donor states originating from oxygen vacancies are located at 0.75–1.18 eV below the conduction band
of Titania.

Table 2. Best fit trap parameters of the TSC measured after storage in different pressures of He
atmosphere at room temperature during illumination with a Xe lamp.

Peak # Et [eV] σt [eV] σn [cm2] Nt [1018 cm−3] 1 Bar Nt [1018 cm−3] 10−3 Bar Nt [1018 cm−3] 10−6 Bar

1 0.750 0.040 1 × 10−18 1.8 × 10−4 0.7 × 10−3 0.5 × 10−3

2 0.870 0.001 3 × 10−18 0.4 × 10−4 0.2 × 10−3 0.3 × 10−3

3 1.031 0.015 3 × 10−20 0.31 1.35 1.35
4 1.166 0.030 1 × 10−18 0.37 1.53 1.08
5 1.177 0.007 5 × 10−20 0.38 2.87 6.21
6 1.411 0.009 7 × 10−19 0.94 2.88 4.77

The six peaks used to best-fit our TSC curves are characterized by the same (Et, σEt, σn), within
errors, used to fit TSC measurements in the humid environment (apart of the shallowest two levels
that here are present in only one component). Here, at every pressure analyzed, shallowest levels have
negligible concentrations with respect to deepest levels. Looking to plots in Figure 11, we observe
a good agreement between fit and data on a four-orders of magnitude scale. Logarithmic plots are
shown as a function of 1/T: the observed linear trend is in favour with our previous observation, that
hopping conduction in this high-temperature range is negligible.

To comment on these measurements, we observe that in low pressure/high temperature
conditions the probability to form oxygen-vacancies on the surface of the nanostructured titania
increases, an evidence widely discussed, e.g., in [41]. It is thus reasonable to hypothesize that TSC
peaks shown in Figures 9–11 are related to such a phenomenon, as oxygen-atoms released from the
surface leave behind electrons in the conduction band which are collected at electrodes and participate
to the emission process. The fact that defects related to these TSC peaks are the same measured after
exposure to humid environment, (apart from the shallowest levels which we attributed to adsorbed
molecular water) evidences that also OH groups are more likely to be associated to oxygen vacancies,
as e.g., suggested in [41].
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Figure 11. TSC response after priming in He atmosphere with a pressure in chamber (a) 1 bar; (b) 10−3

bar (c) 10−6 bar. TSC experimental data (black); Blue: TSC heating scan subtracted from background
(cooling stage); dotted curves: TSC peaks convoluted with a gaussian, parameters are given in Table 2.

6. Conclusions

Nanocrystalline Titanium dioxide is widely applied as a high gap semiconducting material in
many optoelectronic devices, from solar cells to gas sensors, where its peculiar electronic properties
and high chemical reactivity play a crucial role. To attain good performances in terms of efficiency
and photoactivity, Titania is mostly used in form of porous nanocrystalline thin films, a material
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characterized by a high degree of microstructural disorder, which detrimental effect in transport
properties should be taken in great care and possibly minimized.

The thermally stimulated current technique is one of the most effective tool for characterizing
electrical defects in semiconductors. In this paper, we have used this method to get an overall picture of
the defect distribution in nanocrystalline Titania used in state-of-art DSSC devices. The model of TSC
used to interpret our experimental results, briefly described in this work, takes account of the heavily
disordered microscopic nature of nc-TiO2. Mixed conductivity with non-negligible contributions from
hopping between localized defects grouped in a band-tail below the conduction band is considered.
Moreover, a broadening of the energy levels associated to discrete defects in the forbidden gap, has been
accounted for, by convoluting the TSC standard emission with a gaussian distribution. Shallow-to
deep energy levels ranging from 0.1 to 1.4 eV have been studied via a thermal spectroscopy spanning
from 5 to 630 K and interpreted with this model: main results of our analysis can be summarized
as follows.

An exponential DoS tail within the forbidden gap has been observed in the range 0.1–0.6 eV from
the bottom of the conduction band, with energy tailing factor of 50–60 meV, characterized by density
of states of the order of 1 × 1020 cm−3. This tail is responsible for a large TSC emission visible after
priming with a UV source at 5 K for temperatures up to approximately 150 K. At higher temperatures,
up to room temperature and above, the hopping contribution to conduction becomes more and
more negligible against free carrier one and contributions from discrete energy levels emitting in the
conduction band become visible. Similar to single crystal TiO2, a sharp TSC peak at 220 K is observed,
with energy 0.8 eV, probably related to water adsorption. Above room temperature, dark current
measured as a function of the temperature without any priming reveals to be non-negligible, as it
should be due in pure intrinsic TiO2 material. So, we studied it separately before any TSC analysis.
Measurements as a function of temperature shows a double exponential trend, with a minimum at
about 400 K. To explain this behavior a model taking account of two dominant defects, one acting as a
recombination center, the other as a trap has been considered. The activation energy measured in this
experiment in dark, for the recombination center, is about 0.4 eV a value compatible with dangling
bonds at surface [22]. The trap energy, evaluated as about 1.3 eV, is in the highest energy range found
for trap states observed in our further analyses.

Then, TSC response above background current has been studied as a function of the temperature,
as a spontaneous emission observed after a prolonged storage of the sample in moderately (rh = 20%)
humid ambient air. They are best-fitted using gaussian-broadened TSC emissions, with average
energy 0.7–1.4 eV, characterised by uncertainties up to 70 meV. Two groups of peaks are measured,
respectively below and above temperature. Peaks up to 350 K are probably related to molecular
desorption from multilayer, second layer, and first layer states, while the higher temperature features
should be assigned to desorption of OH groups [42]. Our measurements show that increasing the
storage time molecolar adsorbed water slowly evolves into recombinative species. Finally, to evidence
the relationship between TSC emissions and vacancy-oxygen defects, measurements have been carried
out after priming in inert atmosphere (He) at different pressures. Main TSC emissions, observed in
the high temperature range, 400–630 K, are best-fitted considering energy levels for localized energy
states in the range 0.75–1.18 eV, in agreement with a model from [41] for donor states related to
oxygen-vacancies below the conduction band.
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Abstract: Titanium dioxide nanoparticles (TiO2 NPs) can act as sonosensitizers, generating reactive
oxygen species under ultrasound irradiation, for use in sonodynamic therapy. For TiO2 NPs delivery,
we prepared polyion complex micelles incorporating TiO2 NPs (TiO2 NPs-PIC micelles) by mixing
TiO2 NPs with polyallylamine bearing poly(ethylene glycol) grafts. In this study, the effects of polymer
composition and ultrasound irradiation conditions on the sonodynamic therapeutic effect toward
HeLa cells were evaluated experimentally using cell viability evaluation, intracellular distribution
observation, and a cell staining assay. TiO2 NPs-PIC micelles with widely distributed features
induced a significant decrease in cell viability under ultrasound irradiation. Furthermore, prolonging
the irradiation time killed cells more effectively than did increasing the ultrasound power. The
combination of TiO2 NP-PIC micelles and ultrasound irradiation was confirmed to induce apoptotic
cell death.

Keywords: Titanium dioxide nanoparticles; sonodynamic therapy; polyion complex micelles

1. Introduction

Titanium dioxide (TiO2) can act as a photosensitizer and is known to generate reactive oxygen
species (ROS), including OH and HO2 radicals, superoxide anions (O2−), hydrogen peroxide (H2O2),
and 1O2, under ultraviolet (UV) irradiation (less than 390 nm) [1–4]. UV-irradiated TiO2 nanoparticles
(NPs) have shown a cell-killing effect toward HeLa cells [5]. However, the clinical use of TiO2 NPs
is hampered because UV light cannot deeply penetrate human tissue, and TiO2 NPs have poor
dispersion stability at physiological pH [6,7]. Shimizu et al. found that TiO2 generates ROS under
ultrasound irradiation (39 kHz) [8], although the ultrasound frequency (39 kHz) was too low for clinical
applications. Additionally, sonicating TiO2 NPs at a clinically appropriate frequency that allows deep
body invasion (1 MHz) also showed an effective decrease in cell viability and inhibited tumor growth
in vivo when TiO2 NP suspension was directly injected into tumor [9]. This indicated the availability
of TiO2 NPs in sonodynamic therapy (SDT) and showed that developing a carrier system that could
deliver TiO2 NPs into cells by improving their dispersion stability under physiological conditions was
required for effective SDT.

We have focused on the charge properties of surface OH groups on TiO2 NPs. The isoelectric point
of TiO2 NPs with an anatase crystal structure is 6.2, meaning that TiO2 NPs are negatively charged at
neutral pH [10]. Polyion complex (PIC) micelles incorporating TiO2 NPs (TiO2 NP-PIC micelles) were
successfully prepared using polyallylamine bearing poly(ethylene glycol) grafts (PAA-g-PEG) [11],
in which the micelles were formed through electrostatic interaction as a driving force, and van der
Waals force and hydrophobic interaction were also stabilized as a result of polyion complex formation.
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Although bare TiO2 NPs have poor solubility against water at physiological pH, the incorporation
of TiO2 NPs into the micelles provided a remarkable improvement in dispersion stability. It was
confirmed that ultrasound irradiation to HeLa cells treated by TiO2 NP-PIC micelles induced a
decrease in cell viability through 1O2 generation. The cell viability decreased as irradiation time
increased. When other irradiation conditions were kept constant, the decrease in cell viability was
dependent on irradiation time. Furthermore, this decrease in cell viability was completely inhibited
by the presence of glutathione, which is a radical scavenger, demonstrating that the cell-killing effect
was due to ROS generated by ultrasound irradiation of the TiO2 NP-PIC micelles. In this study, we
evaluated the effects of polymer composition and sonication time on the cell-killing effect of the TiO2

NP-PIC micelles. Furthermore, it was confirmed that the cell-killing effect of the TiO2 NP-PIC micelles
was induced by apoptotic cell death.

2. Results and Discussion

TiO2 NP-PIC micelles were prepared using four types of PAA-g-PEG bearing PEGs of different
molecular weights (Mn = 2000 and 5000) and grafting densities (13 and 26 mol % for PEG2000, and
12 and 21 mol % for PEG5000), named 2k13, 2k26, 5k12, and 5k21, respectively. The mean diameter,
polydispersity index, zeta potential, and composition (polymer/TiO2 w/w) were determined, as
summarized in Table 1. For the mean diameter and zeta-potential, it was difficult to compare with
bare TiO2 NPs due to their poor dispersion stability at physiological pH. The compositions were
controlled by the molecular weight (Mn) of the PEG grafts, with PEG grafts of Mn 2000 and 5000 giving
polymer/TiO2 w/w ratios of 2 and 4, respectively. The mean diameter tended to grow large, such that
the PEG graft Mn was also large and the PEG graft content was high. Importantly, all prepared TiO2

NP-PIC micelles had almost neutral zeta potentials, suggesting that electrically neutral PEG grafts
surrounded the micellar surface.

Table 1. Characterization of TiO2 NP-PIC micelles prepared using various kinds of poly(ethylene
glycol) grafts (PAA-g-PEG).

PAA-g-PEG Mean Diameter (nm) 1 Zeta Potential (mV) 2 Composition
(Polymer/TiO2 w/w) 3

2k13 61 −0.1 2.1
2k26 86 1.1 1.8
5k12 89 2.9 4.0
5k21 132 1.6 4.6

1 Values determined using dynamic light scattering (DLS). 2 Values determined using laser-Doppler electrophoresis.
3 Values calculated using thermogravimetric/differential thermal analysis (TG/DTA).

The cell-killing effect of the TiO2 NP-PIC micelles toward HeLa cells was evaluated by MTT
(3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay at various ultrasound irradiation
times (Figure 1a). Micelles without ultrasound irradiation (ultrasound irradiation time = 0) maintained
high cell viability and demonstrated negligible cytotoxicity. Prolonging ultrasound irradiation induced
a decrease in cell viability, showing an obvious difference in the cell-killing effect among the micelles.
Additionally, ultrasound irradiation to the cells without the treatment of the TiO2 NP-PIC micelles did
not induce the decrease in cell viability as shown in Figure 1a, although ultrasound irradiation to a
solvent without TiO2 NPs induce the generation of solvent radicals, i.e., H and OH radicals that can
combine to give hydrogen and hydrogen peroxide in the case of water [12,13]. This suggests that the
main cytotoxic species in ROS generated by ultrasound irradiation might be singlet oxygen. The half
maximal inhibitory time of ultrasound irradiation (IT50) values, as an indication of the cell-killing
effect under ultrasound irradiation, were determined from Figure 1a for each micelle, as shown in
Figure 1b. There was a 5.7-fold difference between the IT50 values of the most effective 5k12 micelles
and the least effective 2k13 micelles.
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Figure 1. Cell-killing effect of TiO2 NP-PIC micelles under ultrasound irradiation. (a) Effect of
ultrasound irradiation time on viability of HeLa cells treated with TiO2 NP-PIC micelles. (b) Half
maximal inhibitory time of ultrasound irradiation (IT50) of TiO2 NP-PIC micelles. 2k13, 2k26, 5k12,
and 5k21 micelles and without the micelles are represented by light blue, blue, orange, red, and gray
symbols, respectively. Ultrasound irradiation was performed for varying times (frequency: 1.0 MHz;
power: 0.5 W/cm2; duty cycle: 10%).

The difference in the cell-killing effect among the micelles might be due to the difference in ROS
generation, cellular uptake, and intracellular distribution. Singlet oxygen sensor green (SOSG) has
been used as a probe to confirm that the ultrasound irradiation of TiO2 NP-PIC micelles increased
the amount of 1O2 generation in proportion to the irradiation time and the ultrasound power, and
that there was no difference among the micelles [11]. The amounts of 1O2 generation for 5k12 micelles
and 2k13 micelles were compared using SOSG by flow cytometry (Figure 2). For both micelles, the
fluorescence intensity of HeLa cells treated by the mixture of micelles and SOSG were slightly increased
even without ultrasound irradiation, suggesting that the comparable amount of SOSG were taken
up into the cells. The ultrasound irradiation to HeLa cells treated with the mixture of micelles and
SOSG provided significant increase in fluorescence intensity, indicating that TiO2 NP-PIC micelles
could generate 1O2 in the cells, and there was no difference in the fluorescence intensity between
5k12 micelles and 2k13 micelles. Furthermore, the cellular uptake of micelles was already evaluated
by flow cytometry [11]. The TiO2 NPs uptake increased in an incubation time-dependent manner,
suggesting that cellular uptake occurred via an endocytosis pathway, with no meaningful difference in
TiO2 NPs uptake among the micelles. Consequently, TiO2 NP-PIC micelles could generate 1O2 in the
cells even after 24 hours of incubation with HeLa cells, and the generated amount of 1O2, which is the
main cytotoxic species among ROS, might be comparable among micelles. Therefore, to explain the
difference in the cell-killing effect among the micelles, the intracellular distribution of the micelles,
especially their distribution to mitochondria, was compared between the most effective 5k12 micelles
and least effective 2k13 micelles using fluorescein 5-isothiocyanate (FITC)-labeled TiO2 NPs. ROS
damage to mitochondria is known to effectively induce cellular apoptosis [14]. The intracellular
distributions of the micelles were compared by laser scanning microscopy (Figure 3), in which the
mitochondria were stained and observed. Mitochondria, identified by red fluorescence, were widely
distributed in the cytoplasm. For both micelles, green fluorescence dots were observed in the cytoplasm,
with most green fluorescence overlapping with red fluorescence. However, it should be noted that 5k12
micelles were more widely distributed in the cytoplasm than the 2k13 micelles despite the comparable
amount of TiO2 NP-PIC micelle uptake into the cells. This meant that 5k12 micelles were likely to cause
ROS damage to more mitochondria. The difference in the cell-killing effect among the micelles shown
in Figure 1 might be due to the difference in intracellular distribution of the TiO2 NP-PIC micelles.
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Figure 2. Flow cytometry analysis of 1O2 generation of TiO2 NP-PIC micelles (red line, 5k12 micelles;
light blue line, 2k13 micelles) with (solid line) and without (dashed line) ultrasound irradiation.
(frequency: 1.0 MHz; power: 1.0 W/cm2; irradiation time: 2 min; duty cycle: 10%).

 
(a) 

 
(b) 

Figure 3. Confocal laser scanning microscopy images overlaid with differential interference contrast
images of HeLa cells treated with (a) 2k13 and (b) 5k12 micelles for 24 h of incubation. Micelles were
prepared using FITC-labeled TiO2 NPs. Nuclei and mitochondria were stained with Hoechst and
MitoTracker Red, respectively.

The effect of ultrasound power on the cell-killing effect of 5k21 micelles was evaluated by MTT
assay (Figure 4). The cell viability at a power of 0.5 W/cm2 after 2 min of irradiation was the same
as that shown in Figure 1a. Increasing the ultrasound power resulted in a decrease in cell viability.
However, the effect of ultrasound power was weak compared with that of irradiation time, with half
the cells remaining alive at an ultrasound power of 5.0 W/cm2. As described above, the amount
of 1O2 generated by ultrasound irradiation to TiO2 NP-PIC micelles increased in proportion with
both the irradiation time and the ultrasound power [11]. By increasing the ultrasound power from
0.5 to 5.0 W/cm2, the generated amount of 1O2 increased 10-fold, but the cell viability decreased
by approx. 50%. Furthermore, the cell viability in Figure 4 stopped falling at approx. 50%, with
little decrease in cell viability observed when further increasing the ultrasound power. In contrast,
prolonging the irradiation time from 2 to 10 min increased the amount of 1O2 generated five-fold
and effectively decreased the cell viability to approx. 10%. These results indicated that prolonging
the ultrasound irradiation time was more effective than increasing the ultrasound power to increase
the sonodynamic therapeutic effect of TiO2 NP-PIC micelles. The diffusion of the micelles in the
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cytoplasm might participate in this difference between the effects of irradiation time and power.
Due to high reactivity, the lifetime and diffusion distance of ROS in the cytoplasm are 10–40 ns and
10–20 nm, respectively [15], and these values were determined for ROS generated by photo-irradiation
to photosensitizer. The reactivity of ROS is the same as those generated by ultrasound irradiation to
TiO2 NPs, and ROS generated by ultrasound irradiation to TiO2 NP-PIC micelles inside the cells have
comparable lifetime and diffusion distance of ROS generated by photo-irradiation to photosensitizer.
Therefore, TiO2 NP-PIC micelles can only damage the limited mitochondria existing near them during
ultrasound irradiation. Accordingly, prolonging the irradiation time, which increases the diffusion
area, might result in an increased cell-killing effect, while the increase in the ultrasound power might
not be effective. This agreed with the results shown in Figures 1 and 3, in which micelles distributed
widely in the cytoplasm exhibited effective cell-killing.

 

Figure 4. Effect of ultrasound irradiation power on the viability of HeLa cells treated by 5k21
micelles. Ultrasound irradiation was performed using varying ultrasound power (frequency: 1.0 MHz;
irradiation time: 2 min; duty cycle: 10%).

Finally, the mechanism of cell death induced by ultrasound irradiation of the TiO2 NP-PIC
micelles was evaluated by an annexin V and propidium iodide (PI) double staining assay using flow
cytometry. In the case of apoptotic cells, their phospholipid membrane asymmetry is lost, leading
to the exposure of phosphatidylserine (PS) at the cellular surface, a process that can be monitored
using annexin V. Annexin V can identify apoptotic cells with the exposed PS, since annexin V is a
Ca2+-dependent phospholipid-binding protein with a high affinity for PS. The stage of apoptosis
can be distinguished using both FITC-labeled annexin V and PI. At the late stage of apoptosis, the
permeability of the plasma membrane increases, and PI can bind to cellular DNA by moving across the
cell membrane. Therefore, late-stage cells are stained with both PI and annexin V, whereas early-stage
cells are stained with only annexin V. Figure 5a shows the flow cytometry of HeLa cells under various
treatments. The cell count in the lower right region, in which the cells were stained with only annexin
V, increased when treated with the micelles and further increased under ultrasound irradiation. This
increase in cell count in the lower right region under ultrasound irradiation indicated that ultrasound
irradiation induced apoptosis in HeLa cells treated with TiO2 NP-PIC micelles. Cell death induced
by a combination of TiO2 NPs and ultrasound irradiation has been reported to be due to apoptosis.
Yamaguchi et al. reported that water-dispersed TiO2-PEG induced apoptotic cell death in human
glioblastoma cell line U251 under ultrasound irradiation [16]. Furthermore, Ninomiya et al. reported
that TiO2 NPs modified with pre-S1/S2 proteins, which are part of the L protein from the hepatitis B
virus with a high affinity toward hepatocyte, induced apoptotic cell death in human hepatoma HepG2
cells under ultrasound irradiation [17]. Therefore, it is fitting that cell death induced by TiO2 NP-PIC
micelles under ultrasound irradiation was due to apoptosis, not necrosis.
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Figure 5. Evaluation of cell death mechanism for HeLa cells treated with 5k21 micelles with and without
ultrasound irradiation. (a) Flow cytometry of HeLa cells doubly stained with annexin V-FITC and PI.
(b) Percentages of apoptotic early-stage cells under various treatments. HeLa cells were incubated with
the micelles for 24 h, after which ultrasound irradiation (frequency: 1.0 MHz; irradiation time: 6 min;
power: 0.5 W/cm2; duty cycle: 10%) was performed.

3. Materials and Methods

3.1. Materials

Four kinds of PAA-g-PEG with the same PAA main chain (DP = 160), bearing PEGs of different
molecular weights (Mn = 2000 and 5000) and grafting densities (13 and 26 mol % for PEG2000,
and 12 and 21 mol % for PEG5000), were synthesized according to our previous report [18]. These
graft copolymers were abbreviated as 2k13, 2k26, 5k12, and 5k21, respectively. TiO2 NP dispersion
with an anatase crystal structure (10 nm, pH < 3) was purchased from Ishihara Sangyo Kaisha, Ltd.
(Osaka, Japan). Fluorescein 5-isothiocyanate (FITC)-labeled TIO2 NPs were prepared according to
our previous report [11]. MitoTracker Red CMXRos and Hoechst 33342 were purchased from Thermo
Fisher Scientific Inc. (Waltham, MA, USA). An Annexin-V-FLUOS staining kit was purchased from
Roche Diagnostics GmbH (Mannheim, Germany). Fetal calf serum (FCS) was purchased from Biowest
(Riverside, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Nissui
Pharmaceutical (Tokyo, Japan). Singlet oxygen sensor green (SOSG) was purchased from Invitrogen
(Eugene, OR, USA). All reagents were used without further purification.

3.2. Preparation of TiO2 NP–PIC Micelles

TiO2 NP dispersion and PAA-g-PEG aqueous solutions were mixed with the weight ratio of
polymer to TiO2 (polymer/TiO2) fixed at 10. The mixing solutions (pH < 3) were neutralized using
aqueous NaOH. Free polymer was removed by ultrafiltration using a USY-20 ultrafiltration unit
(molecular weight cut off: 200,000; Toyo Roshi, Ltd. (Tokyo, Japan), and the solvent was also exchanged
with phosphate-buffered saline (PBS). The final micelle composition, i.e., the weight ratio of polymer
and TiO2, was determined using thermogravimetric/differential thermal analysis.

3.3. Physicochemical Characterization of TiO2 NP-PIC Micelles

DLS and laser-Doppler electrophoresis measurements were carried out at 25 ◦C using an ELS-8000
(Otsuka Electronics Co., Ltd., Osaka, Japan) instrument equipped with an He/Ne ion laser (λ = 633 nm).
In DLS measurements, and the mean diameter was calculated using the Stokes-Einstein equation [19].
Laser-Doppler electrophoresis (Hercules, CA, USA) was employed as a technique to measure particle
velocity. The electrophoretic mobility was determined from frequency shifts, which is the difference
between scattered light and original beam, caused by the Doppler effect. The zeta potential was
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calculated using the Smoluchowski equation [19]. TG/DTA measurements were carried out using a
TG8120 instrument (Rigaku, Tokyo, Japan). The samples were measured under an N2 atmosphere
from room temperature to 550 ◦C at a heating rate of 10 ◦C/min and calibrated using Al2O3 as a
standard sample.

3.4. Experiments Using Cultured Cells

HeLa cells were seeded in 100 μL of DMEM supplemented with 10% FCS in each well of a 96-well
plate at 1 × 104 cells for 1 day. Micelle solutions were gently added to the cells and incubated at
37 ◦C for 24 h. In the case of the confirmation of 1O2 generation, the mixture of micelle solutions
including SOSG were gently added to the cells. The cells were washed with PBS and 100 μL of
DMEM supplemented with 10% FCS. Ultrasound irradiation was performed using an ultrasound
probe (Φ 6 mm) with a size similar than that of a well in the 96-well plate. The probe was immersed
into culture media, and the distance between probe and the bottom of 96-well plate was fixed to
7 mm. After sonication, 6 μL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)
solution was added to each well, and the plates were incubated 37 ◦C for 3 h, followed by the addition
of 100 μL of 2-isopropanol containing 0.1 M HCl. The number of viable cells was determined by
absorbance at 570 nm. For the annexin V and propidium iodide (PI) double staining assay, the cells
were incubated for 6 h after ultrasound irradiation and then stained using an Annexin-V-FLUOS
staining kit (Mannheim, Germany). After staining, the cells were detached from the surface of the dish
using trypsin, and the cellular fluorescence was evaluated by flow cytometry (EPICS XL, Beckman
Coulter, Inc. Brea, CA, USA).

4. Conclusions

TiO2 NP-PIC micelles exhibited a cell-killing effect toward HeLa cells through 1O2 generation
under ultrasound irradiation. The wide intracellular distribution of TiO2 NP-PIC micelles and
prolonged ultrasound irradiation time provided effective cell-killing corresponding to the wide
distribution of mitochondria in the cytoplasm, suggesting that TiO2 NP-PIC micelles might induce
apoptosis through singlet oxygen generation by ultrasound irradiation. It is expected that TiO2 NP-PIC
micelles might become a clinically available sonodynamic therapy system via intravenous injection
through the combination with high intensity focused ultrasound irradiation.
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Abstract: In the present paper, we use zinc oxide nanoparticles under the excitation of ultraviolet (UV)
light for the generation of Reactive Oxygen Species (ROS), with the aim of further using these species
for fighting cancer cells in vitro. Owing to the difficulties in obtaining highly dispersed nanoparticles
(NPs) in biological media, we propose their coating with a double-lipidic layer and we evaluate their
colloidal stability in comparison to the pristine zinc oxide NPs. Then, using Electron Paramagnetic
Resonance (EPR) coupled with the spin-trapping technique, we demonstrate and characterize the
ability of bare and lipid-coated ZnO NPs to generate ROS in water only when remotely actuated
via UV light irradiation. Interestingly, our results reveal that the surface chemistry of the NPs
greatly influences the type of photo-generated ROS. Finally, we show that lipid-coated ZnO NPs
are effectively internalized inside human epithelial carcinoma cells (HeLa) via a lysosomal pathway
and that they can generate ROS inside cancer cells, leading to enhanced cell death. The results are
promising for the development of ZnO-based therapeutic systems.

Keywords: zinc oxide nanoparticle; supported lipidic bilayer; reactive oxygen species; electron paramagnetic
spectroscopy; photodynamic therapy; colloidal stability; 5,5-dimethyl-L-pyrroline-N-oxide (DMPO)

1. Introduction

In recent years, major efforts have been devoted to the development of novel suitable
nanotechnological platforms to improve medical diagnosis and therapies. Thanks to their higher area to
volume ratio compared to larger particles, several nanomaterials have been exploited to deliver drugs
specifically towards target regions or to elicit cytotoxic effects only when externally stimulated [1]. Among
these, nanostructured zinc oxide (ZnO) has been widely studied, due to its interesting properties, such
as piezoelectric and pyroelectric behaviors and biocompatible features, being classified as a “GRAS”
(generally recognized as safe) substance by the Food and Drug Administration (FDA) [2,3]. As a
semiconductor, it shows a band gap of 3.3 eV, thus it can adsorb ultraviolet (UV) light and emit it in the
visible range, showing potential capabilities as light emitting diode (LED) or as a reporter in bio-imaging
applications. The optical properties of ZnO can be efficiently exploited for the generation of Reactive
Oxygen Species (ROS). Actually, in the presence of a radiation having a wavelength of less than 400 nm,
the electrons (e−) are excited from the valence (VB) to conduction band (CB), generating positive holes
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(h+). In aqueous environment, the photo-generated e− can reduce oxygen molecules, forming superoxide
radical anion (O2

−) [4,5], while the h+ can oxidize water molecules and hydroxide ions, generating
hydroxyl radicals and hydrogen peroxide (H2O2) molecules [6]. Furthermore, the recombination of
the electron–hole pair can generate emission of a photon (radiative recombination), which in turn can
excite ground state oxygen generating singlet oxygen. All these ROS, when produced intracellularly,
can exert highly cytotoxic effects [7] and one can take advantage of their generation for killing tumor
cells. Actually, an overproduction of intracellular ROS produces oxidative stress [8], altering the cell
cycle [9] and promoting cell death through apoptosis [5] or autophagy [10]. Moreover, ROS can induce
lipid peroxidation, associated with impairment of cell membrane structure [11], protein denaturation and
different types of DNA damage [12].

Therefore, several studies have proposed the photoexcitation of nanostructured ZnO to produce
intracellular ROS as an effective therapeutic strategy, called Photodynamic Therapy (PDT), causing
severe toxicity in different cancer cell lines [13,14]. This therapy promises better selectivity and
fewer side-effects compared to most traditional chemo- and radio-therapies. ZnO nanoparticles (NPs)
can indeed accumulate specifically within the tumor region thanks to the Enhanced Permeation
and Retention effect [15]. In this way, when the light is directly focused in the region of interest,
the therapeutic effect is highly localized. However, the PDT shows limited tissue penetration owing to
the small penetration depth of UV light (less than 1 mm) used to excite the NPs. Therefore, PDT can be
efficiently exploited for superficial tumors or with optical wave-guide irradiation in the case of deeper
but accessible cancer tissues.

Using the Electron Paramagnetic Resonance (EPR) technique, the ROS species generated by ZnO
NPs in aqueous solutions can be efficiently recognized [16]. It was reported that the ROS generated and
thus the PDT effects are size dependent in the range from 20 to 100 nm [17], where smaller NPs present
higher cytotoxicity. Further efforts are thus needed to unravel the effective production mechanism
of ROS from nanostructured ZnO, in particular when the ZnO particle surface is modified by other
molecules, thus functionalized.

According to the above considerations, the present paper reports on the preparation of ZnO NPs
of about 20 nm in diameter and their surface functionalization to improve their biological stability
and biocompatibility. The final aim is to study the effect of the surface molecular groups on the final
ROS production and species. A self-assembly of phospholipids was achieved forming a supported
lipid bilayer on the surface of the bare ZnO NPs. The results show that highly stabilized NPs without
aggregation are obtained in Phosphate Buffered Saline (PBS) when the lipidic bilayer is formed. A deep
investigation through the EPR technique is here proposed on the ROS produced under UV irradiation
by bare and lipid-coated NPs in different aqueous, physiological and biological fluids. The results
reveal that there is an important variability of the ROS production types depending on the NPs surface
chemistry and dispersion media. The internalization into HeLa cancer cells and the intracellular
ROS production are studied. Finally, the cytotoxic activity of both bare and lipid-coated NPs at
different concentrations and under UV-stimulus activation is evaluated, leading to efficient cancer
cell death. Therefore, the reported nanosystem, conjugating high stability in biological media and
remote-activated cytotoxicity, can be a novel powerful tool to nanomedicine therapy against cancer.

2. Results and Discussion

2.1. ZnO Nanoparticles Synthesis and Characterization

ZnO nanoparticles were synthesized by a simple wet chemical method, as reported in detail
in the Materials and Methods Section. The morphology and particle size of the as-prepared ZnO
nanoparticles were characterized by Field Emission Scanning Electron Microscopy (FESEM), as shown
in Figure 1a. The FESEM image shows that these nanoparticles have a spherical shape with an
average diameter of 14 ± 2 nm (as measured from FESEM images using Fiji software, Open source,
n = 50). Analysis of the X-ray diffraction pattern confirmed the crystalline structure of the ZnO NPs.
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The diffraction peaks matched well with the characteristic peaks of the single-phase wurtzite crystalline
structure, as shown in Figure 1c (black curve). Applying the Debye–Scherrer equation to the broad
diffraction peaks, an average size of 15 nm of the nanocrystallites was obtained, in fair agreement with
the electron imaging results.

Figure 1. Morphology and crystalline structure of bare and lipid-coated zinc oxide NPs. Scheme
and FESEM images of: bare ZnO NPs (a); and lipid-coated ZnO NPs (b). For FESEM images, all the
NPs were coated by a thin layer of Pt. Scale bare is 30 nm in both images. (c) Representative X-ray
diffractograms of the ZnO NPs: pristine (black curve) and lipid-coated (red curve) ones. Non-indexed
peaks derive from the silicon wafer used as sample substrate.

The lipid-coated nanoparticles were prepared by a solvent-exchange method using the commercial
phospholipid DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine). As shown in Figure 1b,c, Field
Emission Scanning Electron Microscope (FESEM) and X-ray Powder diffraction (XRD) analyses
confirmed that the morphology and the crystalline structure of the NPs was not modified after
the functionalization, except in the size of lipid-coated ZnO NPs (average diameter of 21 ± 5 nm,
measured from FESEM images using Fijisoftware, n = 20).

Dynamic Light Scattering (DLS) experiments were performed for the two samples to evaluate
their hydrodynamic diameters and stability in water (Figure 2a). The absence of micrometer-scale
aggregates in all measurements suggests good dispersion and low aggregation behavior for both
samples. Interestingly, the lipidic functionalization of the ZnO nanoparticle surface contributed to
a larger mean hydrodynamic diameter (110 nm for ZnO-DOPC NPs) than the one obtained for the
pristine ZnO NPs (55 nm).

Figure 2. Hydrodynamic diameters and Z potentials of bare and lipid-coated ZnO NPs. Dynamic Light
Scattering (a); and Z-potential (b) measurements of the two samples compared to DOPC lipids micelles.
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Moreover, the Z-potential of lipids micelles and of bare and lipid-coated ZnO NPs was evaluated
in water maintaining neutral pH by titration with NaOH and HCl 1 M. As shown in Figure 2b,
the DOPC micelles present a negative Z potential, equal to −15 mV. The obtained value is in fair
agreement with literature studies, that attribute it to a characteristic orientation of lipids polar head in
solutions with low ionic strength [18].

Concerning the nanoparticles samples, different values were obtained depending on the surface
properties of the ZnO NPs. For pristine ZnO NPs, the measured positive Z-potential (26 mV) is
in good agreement with the literature values [19] and it is due to the protonation of the hydroxyl
groups at the nanoparticle surface. A strong decrease of the Z-potential value was obtained for
lipid-coated ZnO nanoparticles: the DOPC phospholipid shell neutralized the positive charges of the
ZnO surface and lowered the Z-potential down to 1.3 mV. Showing different behaviors for pristine and
functionalized ZnO nanoparticles, the DLS and Z-potential measurements together clearly suggest
that the lipid functionalization worked successfully, almost completely shielding the ZnO NP in a
protective lipid shell.

To further confirm the formation of the lipid bilayer on the ZnO NPs surface, fluorescence
microscopy co-localization experiments in wide-field configuration were performed (Figure 3).
The DOPC shell was marked with 1% Bodipy FL DHPE lipid, characterized by a fluorescent excitation
maximum at 488 nm, while ZnO NPs, functionalized with amino-propyl groups, were marked with
Atto550-NHS ester dye, having a fluorescence excitation at 550 nm. Merging the two distinct images,
green (lipid shell) and red (ZnO NPs) spots overlap forming a yellow spot corresponding to the
co-localized lipid shell on the nanoparticle surface, thus further confirming the successful coverage by
phospholipids of the ZnO nanoparticles.

Figure 3. Co-localization of the lipid-shell with ZnO NPs. Wide-Field Fluorescence images of:
(a) lipid-shells labeled by 1% Bodipy-DHPE; (b) amino-propyl functionalized (ZnO-NH2) nanoparticles
marked with Atto550-NHS ester; and (c) the merged images showing the co-localization of the
lipid-shell with the ZnO NPs. Scale bar: 10 μM.

It is worth mentioning that the scale bar in the optical fluorescence images of Figure 3 is 10 μM.
Thus, the resulting size of the nanoparticles can seem in disagreement with the sizes measured by DLS
and FESEM. However, one should note that the magnification used for fluorescence imaging (in this
case, 60× objective) is not enough to resolve sizes of 20 nm and will always be constrained by Abbé’s
limit, in this case about 200 nm. This resolution limit indicates that it is not possible to distinguish
whether there is one single or more particles within each bright spot of 200 nm. Owing to the high
particles brightness and their strong dilution, we assume that mainly single particles were imaged.

2.2. Biostability of Lipid-Coated ZnO Nanoparticles in Physiological Media

The efficient delivery of nanoparticles to the pathological site of interest is a crucial step to achieve
an effective photodynamic therapeutic effect. In the case of injection into living systems, this could be
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hindered by aggregation of the ZnO NPs in contact with plasma fluids: several studies have indeed
shown that both circulation time in the blood stream and cellular uptake are strongly influenced by
the nanoparticles’ colloidal stability in these media [20,21].

As a first step towards the comprehension of the behavior of ZnO NPs in biological media, further
Dynamic Light Scattering (DLS) experiments were performed in Phosphate Buffered Saline (PBS).
Moreover, the effect of the lipid-coating on the colloidal stability of ZnO NPs has been evaluated.
As shown in Figure 4a, a striking difference between the behavior of the two samples was noted when
suspended in PBS. Bare ZnO NPs showed a strong aggregation behavior, forming micrometer-scale
aggregates, while lipid-coated ZnO NPs did not show any aggregation, confirming the hydrodynamic
size obtained in water suspension.

Figure 4. The lipid-shell increases colloidal stability of ZnO NPs in PBS: (a) Dynamic Light Scattering
(DLS) measurements in number percent of the bare (ZnO) and lipid-coated (ZnO-DOPC) nanoparticles
in Phosphate Buffered Saline (PBS); (b) mean hydrodynamic size (Z-average) of bare ZnO NPs (solid
curve) and lipid-coated ZnO NPs (dotted curve) in PBS over time; and (c) derived count rate of the two
samples over time.

To further study this behavior, the mean hydrodynamic radius (z-average) of ZnO and ZnO-DOPC
NPs was recorded in real-time for 1 h (Figure 4b). As soon as bare ZnO NPs were exposed to the PBS
solution (time 0), the measured z-average was relatively high (3200 nm), confirming that this sample
promptly formed huge aggregates. Over time, the z-average moderately decreases (down to 1890 nm),
suggesting that the NPs maintain their aggregated form and partially precipitate. The marked decrease
of the derived count rate over time (Figure 4c) strongly supports this hypothesis. On the contrary,
lipid-coated ZnO NPs did not form micrometer-scale aggregates over time when suspended in PBS,
maintaining a Z-average size between 100 and 250 nm, thus confirming their higher colloidal stability
compared to the bare ZnO NPs.

The same improvement of colloidal and chemical stability of lipid-coated ZnO nanoparticles in
biological media was studied in detail in a previous work [22]. As already observed for biostability
assays performed in cell culture media (EMEM) and simulated human plasma (Simulated Body Fluid,
SBF), this improved colloidal behavior can be attributed to the lipid shell stabilization, shielding
the ZnO NPs. In particular, for PBS, the phosphate ions contained in large quantity in the buffer
solution are strongly reactive towards ZnO leading to the formation of poorly soluble zinc-phosphate
precipitates [23]. Thus, these data suggest that the lipid coating can limit the contact of solution’s
components with the ZnO surface, preventing NPs’ aggregation.
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2.3. Reactive Oxygen Species Generation

2.3.1. ROS Generation in the Absence of External Actuation

In photodynamic therapy, it is crucial to avoid the activation of photosensitizer in the absence
of light irradiation that would lead to uncontrollable and dangerous side effects. To investigate this
possibility, the ROS generation by pristine ZnO nanoparticles was first studied without external
actuation (ambient light) in different water and physiological media. The formation of hydroxyl and
superoxide anion radicals by ZnO NPs was characterized using the Electron Paramagnetic Resonance
(EPR) technique coupled with the DMPO (5,5-dimethyl-pyrroline N-oxide) spin trap. This compound
can trap both hydroxyl and superoxide anion radicals, thus suitable for studying ROS generation by
NPs. A suspension of ZnO NPs (500 μg/mL) in the tested medium was kept at 37 ◦C for 1 h under
continuous stirring, inserted into the EPR cavity, as described in detail the Materials and Methods
Section, and the EPR spectrum was recorded.

In Figure 5, the EPR spectra corresponding to the tested suspensions in the absence (black curve)
and in the presence (red curve) of pristine ZnO NPs are shown. Using water as dispersing medium,
no spin adduct was detected in the obtained spectra as shown in Figure 5a. The same type of noisy
signals was obtained using Phosphate Buffered Saline (PBS) as medium (Figure 5b). On the contrary,
signals composed by several spin adducts were detected in Simulated Body Fluid (SBF) suspensions,
as shown in Figure 5c. The presence of the ZnO nanoparticles in the medium did not modify the
recorded EPR spectrum, thus indicating that the detected spin adducts were not due to ROS generation
by ZnO NPs themselves, but to the reaction of the DMPO spin trap with medium components.
Indeed, the high concentration of metal ions in SBF can react with DMPO forming EPR-detectable
compounds [24]. Finally, when EPR spectra were recorded using the cell culture medium (EMEM),
a triplet signal was detected in both control and ZnO NPs experiments. Similar to the SBF experiments,
this signal is due to the reaction of medium components with the DMPO spin trap. Cell culture
medium, indeed, includes several autoxidizable compounds, such as the amino-acids L-tyrosine and
L-triptophan, that can oxidize the DMPO spin trap giving rise to spin adducts detectable by EPR [25].

Figure 5. EPR spectra bare ZnO NP suspensions (500 μg/mL) in different media using DMPO
(50 mM) as a spin trap: (a) Water; (b) Phosphate Buffered Saline (PBS); (c) Simulated Body Fluid (SBF);
and (d) Eagle’s Minimum Essential Medium (EMEM). Black spectra: medium without ZnO NPs,
Red spectra: medium with 500 μg/mL ZnO NPs.
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Taken together, these measurements demonstrate that, in the absence of any external actuation
such as UV irradiation, our pristine ZnO NPs cannot generate hydroxyl and superoxide anion radicals
when suspended in different physiological media. This is the first step towards the synthesis of an
effective photosensitizer able to work as a remotely-activated ROS generator.

2.3.2. ROS Generation under UV Illumination by BARE ZnO Nanoparticles

To evaluate the capability of ROS generation by our pristine ZnO nanoparticles under UV
irradiation, water suspensions of bare ZnO NPs were irradiated with UV light for 5 min and, using
DMPO as a spin trap, the EPR spectrum was recorded as described in the Materials and Methods Section.

As shown in Figure 6a, a characteristic DMPO-OH spin adduct giving rise to four resolved peaks
was obtained when ZnO NPs were present in the water solution. The control experiment, performed
in the absence of particles, gave rise to far smaller DMPO-OH signals due to water photolysis.
These signals suggest that our pristine ZnO nanoparticles greatly enhanced the generation of hydroxyl
radicals under UV illumination in water.

Figure 6. ROS formation in aqueous suspensions of bare and lipid-coated ZnO nanoparticles
(500 μg/mL) irradiated with UV light. (a) EPR spectrum obtained after the irradiation with UV
light of an aqueous solution with (red) and without (black) ZnO NPs using DMPO as spin trap.
The characteristic four peaks of the DMPO-OH adduct are detected. (b) Effect of the addition of 10%
v/v Dimethyl Sulfoxide (DMSO) to the solution. New peaks corresponding to the DMPO-CH3 spin
adduct are detected (red curve), as confirmed by the computer simulation of the experimental spectrum
(blue curves). (c) Verification of the absence of superoxide anion radical generation using DEPMPO
as spin trap. Only the characteristic peaks of DEPMPO-OH spin adduct are detected with (red) and
without (black) ZnO NPs in suspension. (d) Effect of surface functionalization on ROS generation by
ZnO NPs under UV illumination detected using DMPO as spin trap. Using lipid-shell functionalized
ZnO NPs, a complex EPR spectrum is obtained (red curve). Computer simulation reveals that, together
with the detection of the DMPO-OH and DMPO-CH3 spin adducts, a short-chain carbon-centered
radical is detected (blue curves).
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Since DMPO can also trap superoxide anion radicals to produce the spin adduct DMPO-OOH,
which is not stable and readily decomposes to the DMPO-OH adduct [26,27], O2· generation could not
be excluded. To determine whether the spectrum presented in Figure 6a was due to the generation of
superoxide and/or hydroxyl radical, DMSO was added to the ZnO water suspension to scavenge the
photo-generated hydroxyl radical. The resulting EPR spectrum is shown in Figure 6b. The addition
of DMSO significantly reduced the DMPO-OH quartet signal, thus suggesting that OH· radicals are
actually generated by ZnO nanoparticles. Computer simulations were performed to identify the new
peaks present in the detected signal (blue curves). The simulated spectrum matched well with the
experimental one: together with the DMPO-OH adduct, the DMPO-CH3 adduct was detected. This is
formed by the reaction of the photo-generated OH radical with the DMSO molecule [28], thus further
confirming the hydroxyl radical generation.

To verify the absence of the superoxide anion (O2), the dedicated spin trap DEPMPO was used.
This can trap hydroxyl and superoxide anion radicals forming radical-specific stable spin adducts, thus
enabling the direct detection of the superoxide anion [29]. In Figure 7, the EPR spectra obtained after
UV illumination of water suspensions are shown. In the presence of ZnO NPs in solution (red curve),
eight resolved peaks were detected, corresponding to the characteristic peaks of the DEPMPO-OH
spin adduct. These were also detected in the control experiment, but with much lower intensities,
and are thus attributed to water photolysis. The absence of the DEPMPO-O2·spin adduct strongly
suggests that superoxide anion radicals are not photo-generated by ZnO NPs.

Figure 7. Lipid-shell functionalized ZnO NPs are successfully internalized by HeLa cells after 24 h
incubation. (a–c) Representative fluorescent image of HeLa cells (membranes in green) incubated for
24 h with fluorescent ZnO-DOPC NPs (in red). Rectangles on the right side and bottom of each image
show orthogonal views of the z-stack (along the yellow lines) of images proving that the particles are
inside the cells. Scale bar: 10 μM. (d) 3D representation of ZnO-DOPC nanoparticles taken up into the
HeLa cell. ZnO-DOPC NPs (in red) are clearly visible inside the cellular membrane (in green). Z-stacks
images were processed with Particle_in_Cell-3D Macro [30] using Fiji software. Scale bar: 5 μM.
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2.3.3. Effect of Surface Functionalization on ROS Generation

Since the photo-generation of an electron–hole pair and the subsequent formation of hydroxyl
radicals happens at the surface of the ZnO nanoparticle, it can be expected that modifying the chemistry
of the surface, i.e., by phospholipid bilayer coating, would influence its ROS generation ability.
To investigate this hypothesis, EPR spin-trapping experiments were performed using lipid-coated ZnO
nanoparticles and DMPO as spin trap. Water suspension of ZnO-DOPC NPs were irradiated with UV
for 5 min and the EPR spectrum recorded.

As shown in Figure 6d, a far more complex EPR spectrum was recorded compared to the spectrum
obtained for bare ZnO NPs (Figure 6a, red curve). Indeed, the new spectrum is a composition of several
DMPO spin adducts. To distinguish the different spin adducts, computer simulation was performed
to fit the experimental spectrum with characteristic DMPO adducts spectra. The simulated spectra
(blue curves) matched well with the experimental one (red curve), and the single contributions could
be distinguished. Indeed, together with the DMPO-OH spin adduct, DMPO-CH3 and a short-chain
carbon-centered radical adduct were detected. Importantly, the presence of the DMPO-OH spin
adduct in the experimental spectrum suggests that phospholipid bilayer coating did not prevent the
hydroxyl radical photo-generation. The other two spin adducts derive from the reaction of DMPO
with short-chain carbon-centered radicals probably formed by fragmentation of the phospholipid
chain undergoing lipid peroxidation. Indeed, this could be initiated by the oxidative attack of the
photo-generated hydroxyl radicals that, being highly reactive species, can oxidize unsaturated fatty
acids in lipid membranes starting the lipid peroxidation process [31].

Together, these results confirm the possibility to use the lipid-coated ZnO NPs as nano
ROS-generator under UV irradiation and reveal that the surface functionalization can clearly influence
the type of photo-generated ROS.

2.4. Cellular Uptake and Intracellular ROS Generation

2.4.1. Uptake and Internalization Pathway in Cancer Cells

In photodynamic therapy, the internalization of the photosensitizer by the target malignant
cells is a crucial step toward an effective therapeutic effect. ROS have short lifetimes and diffuse
poorly in biological environment: therefore, they can be effective in exerting a cytotoxic effect only if
photo-generated intracellularly [32].

To determine if cancer cells could effectively internalize lipid-coated ZnO NPs, human epithelial
carcinoma cells (HeLa) were used as target cells. Cancer cells were treated with 18 μg/mL of
ZnO-DOPC NPs and after 24 h of incubation the cellular uptake was qualitatively assessed by
fluorescence images using Spinning Disk Microscopy, as shown in Figure 7. Z-stacks of live-cell
images allowed the direct visualization of the lipid-coated nanoparticles localized inside the cellular
membrane, thus confirming the successful uptake.

Several studies demonstrated that, in addition to an efficient cellular uptake, the intracellular
localization of the photosensitizer can greatly affect the therapeutic outcome of photodynamic therapy.
ROS have a short life-time and react close to their site of generation, therefore the photodamage
can depend on the precise subcellular localization of the NPs [32]. Thus, a careful investigation of
the intracellular localization of our lipid-coated ZnO NPs was performed by fluorescent microscopy
co-localization experiments using a fluorescent lysosomal marker, as described in detail in the Materials
and Methods Section and shown in Figure 8. Co-localization of the lysosomal fluorescent spots (red)
with the ZnO-DOPC NPs ones (green) suggests that the cancer cells internalized the lipid-coated ZnO
NPs through an endosomal-lysosomal pathway, which eventually led to the internalization of the
nanoparticles inside the cancer cell lysosomes (Figure 8c).
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Figure 8. Cancer cells internalized lipid-coated ZnO NPs through an endosomal-lysosomal
pathway. Wide-Field Fluorescence images of: (a) Lysosomes marked with CellLight Lysosomes-GFP;
(b) Lipid-coated ZnO NPs marked with Atto550-NHS ester; and (c) The merged images showing the
co-localization of the ZnO-DOPC NPs with the intracellular lysosomes. Scale bar: 5 μM.

2.4.2. Intracellular ROS Generation

Finally, to evaluate if the lipid-coated ZnO NPs preserved their ability to photo-generate ROS after
their internalization inside cancer cells, fluorescence microscopy experiments based on the oxidation of
2′-7′-dichlorofluorescein (DCF) were performed. HeLa cells were incubated with DCF and lipid-coated
ZnO NPs, and after 24 h irradiated with UV light. As shown in Figure 9, the control experiments did
not show any green fluorescence due to DCF oxidation, suggesting that the exposure of cancer cells to
the UV irradiation did not generate any ROS in the absence of ZnO-DOPC NPs. On the contrary, when
HeLa cells were incubated with ZnO-DOPC NPs (red spots) and exposed to UV light for 30 s, green
fluorescence due to the oxidation of DCF appeared close to the internalized NPs. This indicates that
lipid-coated ZnO nanoparticles were able to generate ROS inside cancer cells when irradiated with UV
light, thus suggesting ZnO-DOPC NP as innovative ROS-generator agent for photodynamic therapy.

Figure 9. Intracellular ROS generation by lipid-coated ZnO nanoparticles. Scale bar: 5 μM.
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2.5. Preliminary Nanoparticles Cytotoxicity and Photodynamic Effect Study

Cytotoxicity and photodynamic effect of both bare ZnO and lipid-coated ZnO nanoparticles were
investigated on HeLa cells. It is worth mentioning that, in coherence with both the internalization and
the intra-cellular ROS generation ability experiments, amine-functionalized ZnO nanoparticles were
used in the experiments (EPR and Z-potential measurements of amine-functionalized ZnO NPs are
shown in the Supplementary Materials).

The effects of different concentrations of ZnO and ZnO–DOPC nanoparticles on HeLa cell culture
for 24 h are shown in Figure 10. From a quantitative point of view, these data confirm the cytotoxic
behavior (in absence of UV light activation) of both ZnO and ZnO-DOPC NPs only at high NPs
concentration. The two kinds of ZnO NPs had no visible cytotoxic effect up to a concentration of about
18 μg/mL, while both showed a significant cytotoxic effect for higher concentrations.

Figure 10. Cytotoxicity and photodynamic effect of different concentrations of ZnO nanoparticles and
lipid-coated ZnO nanoparticles with and without UV irradiation (30 s).

Moreover, HeLa cell cultures were irradiated with UV light (at a wavelength of 255 nm) for 30 s
to preliminary evaluate the ability of NPs-induced photo-generated ROS to induce cytotoxic effects
in vitro. Cancer cells treated with both kind of ZnO NPs showed a marked decrease of cell viability
after 24 h from the UV-exposure, compared to the control without NPs-treatment (first columns of the
graph in Figure 10 reporting the concentration of 0 μg/mL of nanoparticles). These preliminary data
suggest that ZnO, used at non-toxic concentrations, can induce cytotoxic effects when irradiated with
UV light. Moreover, the lipid-coating, while increasing NPs stability in biological media, does not
decrease its photodynamic therapeutic effect. Future studies will focus on the optimization of the light
exposure parameters to enhance the cancer cell killing photodynamic efficacy of ZnO-DOPC NPs.

3. Materials and Methods

3.1. Synthesis and Functionalization of ZnO Nanoparticles

Zinc oxide nanoparticles were prepared by applying a similar wet chemical method as that
described in the previous report [33]. Zinc acetate dihydrate (Zn(CH3COO)2·H2O (3.73 mmol) was
dissolved in methanol (42 mL) and heated under continuous stirring. As the temperature reached
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60 ◦C, 318 μL of bi-distilled water and a solution containing 7.22 mmol of NaOH in 23 mL of methanol
were added drop by drop to the zinc acetate solution. This was maintained at 60 ◦C for 2.15 h and then
washed two times with fresh ethanol centrifuging at 3046 rcf for 5 min.

ZnO NPs were functionalized according to previously reported method [34]. In brief, the amino-propyl
functionalized zinc oxide nanoparticles (ZnO-NH2 NPs) used for fluorescence microscopy experiments
were obtained exploiting the reaction between bare ZnO nanoparticles and 3-aminopropyltrimethoxysilane
(APTMS), while the lipid-coated zinc oxide nanoparticles (ZnO-DOPC NPs) were prepared by a solvent
exchange method using the commercial phospholipid DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine),
as described in previous reports [35].

3.2. Characterization of Zinc Oxide Nanoconstructs

The morphology of ZnO and ZnO-DOPC nanoparticles was studied by Field Emission Scanning
Electron Microscopy (FESEM, Auriga and Merlin, Karl Zeiss, Oberkochen, Germany). The diluted
samples were spotted on a silica wafer and coated by a thin layer of Pt for further imaging. The particle
size and Zeta potential of the three samples were determined using the Dynamic Light Scattering
(DLS) technique (Zetasizer Nano ZS90, Malvern, Worcestershire, UK), while the crystalline structure
was analyzed by X-ray diffraction with a X’Pert diffractometer in configuration θ–2θ Bragg-Brentano
using a Cu-Kα radiation (λ = 1.54 Å, 40 kV and 30 mA).

To confirm the formation of the supported lipid bilayer on the surface of ZnO-DOPC nanoparticles,
fluorescence co-localization experiments were performed. The DOPC shell was labeled with 1%
Bodipy-DHPE lipid by incubating this dye (0.2 μg per mg of lipids) with the dispersed DOPC lipids
prior to assembly. ZnO nanoparticles, after amine functionalization using APTMS, were labeled with
Atto550-NHS ester dye (2 μg per mg of NPs) overnight under stirring at RT and then washed twice
with fresh ethanol. A fully-motorized wide-field inverted microscope Nikon Eclipse TiE (Nikon, Tokyo,
Japan), in combination with a high resolution sCMOS camera (Zyla 4.2 Plus from Andor) and an
immersion 60× oil objective was used.

3.3. Bio-Stability Assay

For the bio-stability assay, bare and lipid-coated ZnO nanoparticles were tested in Phosphate
Buffered Saline (PBS, Sigma Aldrich, St. Louis, MO, USA). Dynamic Light Scattering (DLS)
measurements were performed suspending 500 μg of nanoparticles in 1 mL of Phosphate Buffered
Saline (PBS).

3.4. Spin Trapping Measurements Coupled with EPR Spectroscopy

The EPR-spin trapping technique coupled with the spin traps 5,5-dimethyl-L-pyrroline-N-oxide
(DMPO, 50 mM) and 5-(diethoxyphosphoryl)-5-methyl-L-pyrroline-N-oxide (DEPMPO, 40 mM)
(Sigma, St. Louis, MO, USA) was used to detect hydroxyl radicals and superoxide radicals.

To verify the ROS generation by bare ZnO NPs (500 μg/mL) in different biological media, 10 μL
of 1 M DMPO were mixed with 190 μL of the various tested media (water, PBS, Simulated Body Fluid
(SBF) or Cell Culture Media (EMEM)) containing ZnO NPs. The resulting solution was maintained
under continuous stirring (150 rpm) at constant temperature of 37 ◦C for 1 h and transferred into a
quartz microcapillary tube for the EPR measurement. For the detection of UV-induced ROS generation,
100 μL of the selected spin trap were mixed with 100 μL of the appropriate ZnO NPs suspension.
The solution was mixed with a vortex, irradiated with UV light (wavelength 350–450 nm, Intensity:
150 mW/cm2) for 5 min and then promptly transferred into a quartz microcapillary tube. In all EPR
measurements, 25 μM of Diethylenetriaminepentaacetic acid (DTPA) was added to the solution as
metal ion chelator. For experiments labeled as “Absence of external actuation”, there was an ambient
light illumination.

The microcapillary tubes were then inserted in the EPR cavity and the spectra were recorded on a
Bruker EMXnano X-Band spectrometer (Bruker, Billerica, MA, USA). The EPR measurement conditions
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were as follows: Frequency, 9.74 GHz; scan width, 100 G; receiver gain, 60 dB; time constant, 1.28 ms;
sweep time, 160 s; scans, 10.

After acquisition, the spectrum was processed using the Bruker Xenon software (Bruker, Billerica,
MA, USA) for baseline correction. Simulation of the recorded spectra was performed using the Bruker
SpinFit software.

3.5. Internalization Experiments in HeLa Cells

HeLa cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 10% FBS and
1% PenStrep. They were seeded into ibiTreat μ-slides (ibidi) at a concentration of 5000 cells per
well in 300 μL of DMEM. The day after seeding, cells were incubated with particles for 24 h and
for the lysosome experiments also with 8 μL of CellLight Lysosomes-GFP (Thermo fisher scientific,
Waltham, MA, USA). The particles were labeled with Atto633-NHS overnight and then prepared
as for the characterization described above. For internalization experiments cells were stained with
WGA488 (Thermo fisher scientific, Waltham, MA, USA), and washed with DMEM prior to imaging.
For imaging we used a spinning disk microscope (Zeiss Cell Observer SD with a Yokogawa spinning
disk unit CSU-X1). Lysosome-GFP and WGA were excited with a 488 nm laser and the particles with a
639 nm laser. Band-pass filters 525/50 and 690/60 (both Semrock) were used in the detection path for
Lysosome-GFP/WGA and the particles, respectively.

3.6. Detection of Intracellular ROS Generation

HeLa cells were cultured, seeded and incubated with particles as described above for the
internalization experiments. 2′,7′-dichlorofluorescein diacetate (DCFDA) was dissolved in DMSO
shortly before use and added to the cells yielding a final concentration of 0.13 μM. After an incubation
time of 30 min cells were imaged to obtain the control before UV illumination. After 30 s of UV
illumination and another 30 min incubation, cells were imaged for the UV-illumination. Microscopy
was performed as for the internalization experiments and a 488 nm laser and a BP 525/50 filter were
used to image the DCFDA.

3.7. Cytotoxicity and Photodynamic Experiments

HeLa cells were seeded at a concentration of 5000 cells per well into 96 well plates (Corning)
containing a final volume of 100 mL of medium. One day after seeding they were incubated with NPs
at the desired concentration. Twenty-four hours after incubation with NPs, MTT assay were performed
according to the standard protocol.

For photodynamic experiments, after 5 h of incubation with the desired NP concentrations, cells
were exposed to 30 s of UV illumination and MTT were carried out after 24 h to UV exposure.

4. Conclusions

In the present study, we propose the synthesis and characterization of lipid-coated ZnO nanoparticles
as new photosensitizer for PDT against cancer. First, we show that the lipid-coating increases the colloidal
stability of the ZnO NPs in Phosphate Buffered Saline (PBS). Then, we demonstrate that bare and
lipid-coated ZnO nanoparticles generate hydroxyl radicals only when irradiated with UV light. Moreover,
the phospholipid bilayer coating induces the photo-generation of short-chain carbon centered free radicals,
thus suggesting that the nanoparticle surface chemistry plays a crucial role in determining the type of
photo-generated free radicals. Finally, we show that lipid-coated NPs are effectively internalized by HeLa
cells through an endosomal-lysosomal pathway and that they can generate ROS even once internalized
and kill cancer cell at non-toxic concentration thanks to the UV-stimuli activation.

The herein reported results pave the way for a more conscious design of nanoparticles for PDT
treatment, with the surface chemistry being an important factor to be considered for an efficient ROS
production, and imply the potential of lipid-coated NPs as innovative ROS-generators for therapeutic
activity against cancer.
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Supplementary Materials: The following are available online at www.mdpi.com/2079-4991/8/3/143/s1, Figure
S1: ROS formation in aqueous suspensions of amine-functionalized ZnO nanoparticles (500 μg/mL) irradiated
with UV light). Computer simulation reveals that DMPO-OH and DMPO-CH3 spin adducts are detected (blue
curves). Figure S2: Z-potential measurement of pristine ZnO NPs and amine-functionalized NPs.
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Abstract: Titanium (Ti) and Ti-based alloy are widely used in the biomedical field owing to their
excellent mechanical compatibility and biocompatibility. However, the bioinert bioactivity and
biotribological properties of titanium limit its clinical application in implants. In order to improve
the biocompatibility of titanium, we modified its surface with TiOx/TiNx duplex composite films
using a new method via micro-arc oxidation (MAO) and nitrogen ion implantation (NII) treatment.
The structural characterization results revealed that the modified film was constructed by nanoarrays
composed of TiOx/TiNx composite nanostitches with a size of 20~40 nm. Meanwhile, comparing this
with pure Ti, the friction property, wear resistance, and bioactivity were significantly improved based
on biotribological results and in vitro bioactivity tests.

Keywords: titanium; titania; micro-arc oxidation; ion implantation; biotribological properties

1. Introduction

Titanium alloys have been widely used in the skeletal system of the human body as constituents
of reconstructive devices (e.g., hip or knee join replacement implant) or fracture fixation products
(e.g., bone plates, screws, and nails) [1–5]. The stability of the implant-bone interface is of great
importance for a successful bone restoration or bone replacement [6–9]. The oxide films covering
titanium implant surfaces have attracted extensive research interest as they are demonstrated to
be crucial for fast osseointegration [10–12]. In particular, titanium dioxide (TiO2) thin films on Ti
alloys could lead to many desirable properties such as excellent biocompatibility, blood compatibility,
corrosion resistance, excellent bonding strength with the substrate, and negative surface charge in
physiological solution [13].

To obtain a ceramic-like TiO2 film on the implant surface, micro-arc oxidation (MAO) is one of the
most economic choices; thus it is easy to adopt for mass production. Another advantage of MAO is that
it can be applied to an implant with complex structures and leads to a uniform oxide layer. By applying
a positive voltage to Ti alloy implants, a TiO2 layer could be obtained in an electrolyte [14,15]. This layer
is beneficial to cell attachment and bone growth and also shows a better apatite forming ability than
nature oxide film on a pure titanium surface [16]. The characteristics of the titanium surface can affect
cell proliferation and differentiation; therefore, the choice of the surface modification is crucial to
ensure the quality of the process of the formation of new tissues [17,18]. The surfaces of titanium
biomaterials with different porosity or structures would offer a superior performance in supporting
cell growth than a common tissue culture plate [19].
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Nanomaterials 2017, 7, 343

In current practice, many failures of titanium implants have been found to be related to excessive
wear of the implant material [20]. Clinical experience showed that pure Ti and its alloy were known
to be more susceptible to wear than stainless steels, which resulted in greater amounts of metallic
particles for a loose functional implant [21]. The worn metallic particles might cause local irritations or
systemic effects and even the removal of implants [22–24]. To improve the wear resistance of the pure
titanium surface, titanium nitride (TiN) has been proposed for orthopedic and dental implants due to
its high hardness and remarkable resistance to wear and corrosion [25,26]. Moreover, TiN surface has
been found to beneficial for the spontaneous nucleation of calcium phosphate [27].

To enhance titanium implants’ mechanical, tribological, and biological properties and to improve
their friction and wear properties in the human body and their long-term performance, it is proposed
to coat a film with multifunctional properties by combining different surface modification techniques.
TiO2/TiN duplex films combine the advantages of TiO2 and TiN. On one side, a titanium oxide layer
on the outer surface could get high blood compatibility. On the other side, the TiN films between the
TiO2 and the titanium alloy substrate might improve the wear resistance and the adherence strength
between the deposited films on the titanium implants.

In this paper, a Ti-based bioactive material with TiOx/TiNx duplex bioactivity films was
synthesized by a new modification method via micro-arc oxidation and nitrogen ion implantation
(MAO-NII). Firstly, porous ceramic-like TiO2 films were formed on the titanium substrate by MAO
treatment. The TiO2 films were then treated by nitrogen ion implantation with different nitrogen ion
doses. The structural characteristics of the TiOx/TiNx composite modified film (including morphology,
phase component, and element composition) were studied. The in vitro bioactivities of the coated
specimens were investigated by immersing them in simulated body fluid (SBF) and by examining
the apatite formation on their surfaces. Additionally, cell culturing was carried out to study the
cyto-compatibility of the duplex films.

2. Experimental Procedure

2.1. Preparation (MAO and NII Treatments)

Commercially available pure titanium alloys (TA2, purchased from the Northwest Non-ferrous
Institute of Technology in Xi’an, China), were used as substrates in the current study. The titanium
samples were cut into plates with a size of 15 mm × 10 mm × 2 mm. The surfaces of the plates were
abraded with silica papers of 200, 400, 600, 800, and 1200 grit in turn and washed in an ultrasonic bath
for 20 min with acetone, ethanol, and de-ionized water, respectively. The titanium plates were then
dried in an oven at 40 ◦C. Micro-arc oxidation (MAO) was carried out using an alternating current-type
high power supply (PN-III). The Ti plates served as the anode electrodes, and a stainless steel plate
was used as the counter electrode. 0.2 M of calcium acetate monohydrate ((CH3COO)2Ca·H2O, CA)
and 0.02 M of β-glycerophosphoric acid disodium salt pentahydrate (C3H7Na2O6P·5H2O, β-GP) were
used as electrolytes. After being treated at 350 V for 5 min, a porous TiO2 film formed on the surface of
the Ti substrate.

Nitrogen ion implantation (NII) treatment was then performed by using ion implantation
equipment with a Kaufman gas ion source (Southwestern Institute of Physics, Chengdu, China).
The initial gas pressure in the implantation chamber was under 3 × 10−3 Pa. Nitrogen was implanted
into the above TiO2 films to produce MAO-NII modified samples with an acceleration energy of
80 keV and implantation doses of 0.1, 0.5, 1.0, 5.0, 10, and 20 × 1017 ions/cm2. The corresponding
samples were denoted as Ti-MAO-N0.1 Ti-MAO-N0.5, Ti-MAO-N1.0, Ti-MAO-N5.0, Ti-MAO-N10,
and Ti-MAO-N20, respectively.

2.2. Structure Characterization

The morphologies of the specimen before and after soaking in SBF were examined by scanning
electron microscopy (SEM, ZEISS SUPRA 40, Oberkochen, Germany) and transmission electron
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microscopy (TEM, JEM-2100F, Tokyo, Japan). For the as prepared sample with kind conductivity,
the specimens, after being rinsed and dried, were directly sent for SEM observation. A small amount
of powder scraped from the specimen by a diamond knife was dispersed on a micro grid and sent
for TEM observation under 200 kV. After SBF and cell tests with poor conductivity, the samples
must be rinsed, dried, and sprayed with gold. The phase compositions were characterized by X-ray
diffractions (XRD, D/Max 2400 V, Rigaku, Tokyo, Japan) using Cu Kα radiation in the regular range of
2θ = 20◦~80◦, with an accelerating voltage of 36 kV and a current of 100 mA.

2.3. Friction and Wear Test Bioactivity Evaluation

A wet friction and wear test was carried on a ball-on-disc high speed reciprocation friction and
wear tester (MFT-R4000, Lan zhou, China, Lanzhou Institute of Chemical Physics, Chinese Academy of
Sciences). An Al2O3 ceramic ball with a diameter of 4.0 mm and a radius of 0.032 μm was used as the
friction match pair. 50% calf serum (the ratio of calf serum with demonized water is 1:1) was chosen
as the lubricant. During the friction tests, the applied normal load was 200 g, with a reciprocation
frequency of 2 Hz. The reciprocation distance was fixed as 5 mm, and the friction time was 1 h.
Each material is tested for five parallel samples, and the average value is taken by removing the highest
and lowest values.

The SBF solution was prepared on the basis of Kokubo’s recipe [22] for the bioactivity evaluation.
The SBF tests were referenced according to Hiroaki’s method [28]. The volume of SBF that is used for
testing was determined by Equation (1).

Vs = Sa/10 (1)

where Vs is the volume of SBF (mL) and Sa is the apparent surface area of the specimen (mm2) [28].
Put the calculated volume of SBF into a plastic bottle or beaker. After heating the SBF to 36.5 ◦C,
the specimens were submerged pensile in the SBF to avoid over-saturation. After soaking for 24 days,
the specimens were washed gently with distilled water and dried at room temperature.

The MC3T3 E1 cell line from embryonic osteoblasts of mouse embryos was used for cytotoxicity
tests. The culture medium consisted of alpha-minimum essential medium (α-MEM) supplemented
with 10% fetal bovine serum (FBS), 100 U·mL−1 of penicillin, and 100 μg·mL−1 of streptomycin sulfate.
The experiments were conducted in an incubator at 37 ◦C, with a humidified atmosphere of 95%
air and 5% CO2 for two days. The specimens were sterilized by heating at 180 ◦C for 1 h. The cells
were fixed with 5 mL of 10% formalin for 30 min, stained with 8 mL of 0.15% methylene blue for an
additional 30 min, washed thoroughly with different concentrations of alcohol, and dried [29,30].

3. Results and Discussion

The XRD patterns of all the specimens treated with the MAO-NII procedure are shown in Figure 1.
In addition to the anatase and rutile TiO2 obtained in the MAO process, unsaturated titanium oxide
and titanium nitride were also detected. The XRD peaks marked with rhombi in all patterns, as shown
in Figure 1, could be indexed to an unsaturated titania of Ti5O9. The XRD peaks marked with stars
corresponded to Ti3N1.29. It can be concluded that titanium nitrides and various titanium oxides
coexist in the modified layer after nitrogen ion implantation. Namely, a TiOx/TiNx composite film on
the surface of Ti substrate has been obtained.

Then the morphology of the composite films was investigated by SEM. The top-view surface
morphology of the samples implanted with different nitrogen doses is shown in Figure 2. The typical
characteristics of MAO-NII modified films with micron-sized pores are shown in Figure 2a. The wall
surfaces of the holes are very slick when the N implantation dose is very low (0.1 × 1017 ions/cm2).
By increasing the N implantation dose, the surface morphology was changed in varying degrees.
Some small pores appeared on the surface of the MAO modified layer, as shown in Figure 2b,c.
When the N implantation dose was 5.0 × 1017 ions/cm2, most of the surface was not slick anymore,
as shown in Figure 2d. This rough morphological feature of the surface is made more obvious
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in Ti-MAO-N10 and Ti-MAO-N20 by continuously increasing the N implantation dose to 10 and
20 × 1017 ions/cm2 (Figure 2e,f). Thus we found that the surface would become rougher with
increasing N implantation doses.

 

20 30 40 50 60 70 80
2θ (degree)

Figure 1. (a–f) X-ray diffraction (XRD) patterns of the micro-arc oxidation (MAO) specimens
with different N implantation doses: Ti-MAO-N0.1, Ti-MAO-N0.5, Ti-MAO-N1.0, Ti-MAO-N5.0,
Ti-MAO-N10, and Ti-MAO-N20.

Figure 2. Cont.
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Figure 2. Surface morphologies of the micro-arc oxidation and nitrogen ion implantation (MAO-NII)
modified specimens with different N ion implantation doses: (a) Ti-MAO-N0.1; (b) Ti-MAO-N0.5;
(c) Ti-MAO-N1.0; (d) Ti-MAO-N5.0; (e) Ti-MAO-N10; and (f) Ti-MAO-N20.

Interestingly, unique nanoarrays composed of vertically aligned nanostitches with a size of
20 to 40 nm were found in Ti-MAO-N10 by a high magnification morphological observation under
SEM, as shown in Figure 3a. Moreover, the sharp tips of the nanostitches were only about 5~10 nm.
However, the nanostitch array structure disappeared when the N implantation dose was increased to
20 × 1017 ions/cm2, as shown in Figure 3b, and it was replaced by many small pores with a size of
30~60 nm. Presumably, the nanostitch array structure collapsed due to the high ion implant energy
from the increase of the implantation dose.

Figure 3. Surface images of nitrogen ion implantation MAO specimen under high magnification
morphology: (a) Ti-MAO-N10 and (b) Ti-MAO-N20.
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To further study the crystallographic structure of the TiOx/TiNx composite film, a small amount
of powder was scraped from the surface of Ti-MAO-N1.0 for TEM observation. The result is shown
in Figure 4. It is proved again the nanostitch structure has a tip diameter of 5 nm and a bottom
diameter of about 30 nm. As shown in Figure 4a, the main diffraction spots in the selected area
of the electron diffraction (SAED) pattern from a circle area of the film correspond to anatase TiO2

and Ti3N1.29 phases. High resolution TEM (HRTEM) suggests the presence of Ti3N1.29 and Ti5O9

respectively within the top and bottom of the nanostitch. Hence, the formation mechanism of the
composite modified film with the nanostitch array structure can be speculated based on the above
results. As shown in Figure 5, lots of defects such as nanopores appeared with the bombardment
of implanted ionic fluxes towards the surfaces at first. Then nanostricks formed and grew to form
nanoarrays, which should be mainly composed of unsaturated titania due to the O atoms in TiO2

being be partly removed by implanted N ions during the NII process. Meanwhile, some of the O
atoms of titanium oxide on the surface nanostitches, especially on the top surface, were replaced by N,
resulting in the nucleation of nano-sized titanium nitride on the tips. However, if the NII dose is too
high, the nanostitch array structure will collapse due to the high implantation energy and superheat.

Figure 4. (a) Bright field transmission electron microscopy (TEM) image with selected area of the
electron diffraction (SAED) pattern inset and (b) high resolution TEM (HRTEM) image of TiOx/TiNx

film of Ti-MAO-N1.0.

The friction factors for specimens after MAO and NII treatment are obtained under 50% mavericks
serum lubrication conditions, as shown in Figure 6. It can be found that the friction factors for the
treated specimens were all lower than that of the pure titanium (0.404). In addition, the results
showed that Ti-MAO-N1.0 (1017 ions/cm2) exerted the lowest average friction factor, which may
lead to the best biological friction performance. As discussed above, the composite modified layer
is composed of antatase and rutile TiO2, Ti5O9 and Ti3N1.29. Ceramic TiO2 and titanium nitride are
hard phases, which show much higher hardness than pure Ti. As well, the surface hardness increased
with the amount of hard nitrides and oxides, which resulted in the reduction of the friction factor.
However, the nitrogen ion implantation exists as a saturation injection dose. The increasing amount of
implantation will not enhance the surface hardness unlimitedly. In this study, 1017 ions/cm2 was the
best implantation dose, when considering the biological friction performance.
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Figure 5. Schematic diagram of the growth mechanism of the TiOx/TiNx composite modification layer
with a nanostitch array structure during NII.

Figure 6. Friction coefficient of MAO specimens with different N doses under 50% mavericks serum
lubrication conditions.

In addition to biological friction, biological activity is also concerned in this study. The specimens
treated by MAO and NII were immersed in biomimetic mineralization solution for 24 days.
The samples after soaking were examined by SEM, and the results are shown in Figure 7. SEM images
showed that all the sample surfaces were almost fully covered with ball–shaped particles. There are
some nano-flakes on the surfaces of the globular objects, which is similar to the urchin shown with the
red arrow. Compared with the SBF soaking result of pure Ti, shown in Figure S1a in the supporting
information, the bioactivity of the Ti-MAO-NI (Figure S1b,c) samples is improved. Additionally,
combed with the energy dispersive spectrometer (EDS) results shown in Table 1, it can be predicted
that Ca and P are fully deposited on the surfaces of the samples after MAO and NII. It can be predicted
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that apatite was deposited, which is one of the important human bone inorganic compositions [30,31].
Hence, this illustrates a good ability to inducer phosphate deposition, which also leads to good
in vitro bioactivity and also indicates that all the samples after MAO and NII modification show good
bioactivity. Furthermore, it can also found that the change of the content of Ca and P is consistent with
the content of N implantation. Hence, it can be suspected that titanium nitride is beneficial to apatite
deposition and facilitates bioactivity.

 

Figure 7. Surface morphology of the samples after soaking in biomimetic mineralization solution for
24 days: (a) Ti-MAO-N0.1; (b) Ti-MAO-N1.0; (c) Ti-MAO-N5.0; and (d) Ti-MAO-N20.

Table 1. Energy dispersive spectrum (EDS) analysis results of samples with different doses of N ion
implantation after soaking in biomimetic mineralization solution for 24 days.

Sample Name
Element Content (wt %)

Ti O Ca P N

Ti-MAO-N0.1 41.12 43.39 10.30 3.47 1.72
Ti-MAO-N1.0 42.30 41.19 11.01 3.48 2.02
Ti-MAO-N5.0 36.79 40.52 14.43 4.94 3.32
Ti-MAO-N20 51.89 36.05 5.87 4.14 2.05

The cyto-compatibility of the samples was also evaluated by cell cultures on the different surfaces.
The surface morphology of the Ti-MAO-NI specimens after cell culturing for two days is shown in
Figure 8 and Figure S2 in the supporting information. The alkaline phosphatase activity of osteoblasts
on pure Ti and Ti-MAO-N1.0 surface was shown in Figure S3. The cells spread well and showed a good
attachment, with a plumpness and a polygon shape on the specimen surface. The cells also developed
numerous filopodia, sensing the different surface specimens. Compared with the Ti-MAO-N0.1,
Ti-MAO-N0.5, Ti-MAO-N1.0, Ti-MAO-N10, and Ti-MAO-N20, the amount of cells in Ti-MAO-N5.0 is
the most. Thus, it can be concluded that cyto-compatibility can be promoted by NII treatment.
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The porosity and nanostitch array structures of the samples can affect cell proliferation and
differentiation, which is crucial to ensuring the quality of the process of the formation of new tissues.
The morphology of these surfaces could have a mechanical influence on the cells used. It should be
further investigated [32].

 

Figure 8. The surface morphology of MAO specimens with different N implantation doses after cell
culturing for two days: (a,b) Ti-MAO-N0.1; (c,d) Ti-MAO-N1.0; (e,f) Ti-MAO-N5.0; (g,h) Ti-MAO-N20.
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4. Conclusions

A composite modified film has been successfully synthesized on the surface of Ti alloy by
MAO-NII treatment. The as-prepared film is composed of titania (anatase and rutile TiO2), unsaturated
titania (Ti5O9), and titanium nitride (Ti3N1.29). The surface exhibits a unique nanostitch array
structural feature, the growth mechanism of which has been studied by detailed TEM characterization.
The friction factor of the composite modified film was much lower than that of pure titanium (0.404).
Bioactivity and cellular compatibility have improved greatly with the MAO and NII treatment
compared with pure Ti. Additionally, it was also found that the nanostitch array structure collapsed due
to the high implantation energy and superheat when the implantation dose rose to 20 × 1017 ions/cm2.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/7/10/343/s1,
Figure S1: Surface morphology of pure Ti (a), Ti-MAO-N0.5(b) and Ti-MAO-N10 (c) after soaking in biomimetic
mineralization solution for 24 days, Figure S2: The surface morphology of MAO specimens with different N
implantation dose after cell cultured for 2 days: Ti-MAO-N0.5 (a,b), Ti-MAO-N10 (c,d), Figure S3: The alkaline
phosphatase activity of osteoblasts on pure Ti and Ti-MAO-N1.0 surface.
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Abstract: Gene therapy and RNA delivery require a nanoparticle (NP) to stabilize these nucleic
acids when administered in vivo. The presence of degradative hydrolytic enzymes within these
environments limits the nucleic acids’ pharmacologic activity. This study compared the effects
of nanoscale ZnO and MgO in the protection afforded to DNA and RNA from degradation by
DNase, serum or tumor homogenate. For double-stranded plasmid DNA degradation by DNase,
our results suggest that the presence of MgO NP can protect DNA from DNase digestion at
an elevated temperature (65 ◦C), a biochemical activity not present in ZnO NP-containing samples
at any temperature. In this case, intact DNA was remarkably present for MgO NP after ethidium
bromide staining and agarose gel electrophoresis where these same stained DNA bands were notably
absent for ZnO NP. Anticancer RNA, polyinosinic-polycytidylic acid (poly I:C) is now considered
an anti-metastatic RNA targeting agent and as such there is great interest in its delivery by NP.
For it to function, the NP must protect it from degradation in serum and the tumor environment.
Surprisingly, ZnO NP protected the RNA from degradation in either serum-containing media or
melanoma tumor homogenate after gel electrophoretic analysis, whereas the band was much more
diminished in the presence of MgO. For both MgO and ZnO NP, buffer-dependent rescue from
degradation occurred. These data suggest a fundamental difference in the ability of MgO and ZnO
NP to stabilize nucleic acids with implications for DNA and RNA delivery and therapy.

Keywords: DNase; RNase; DNase activity; RNase activity; metal oxide nanoparticle (MONP);
gel electrophoresis; MgO; ZnO; DNA stability; RNA stability

1. Introduction

In nanomedicine, the specific anticancer activity of zinc oxide (ZnO) nanoparticle (NP) is believed
to be due to its reactive oxygen species (ROS) generation and tumor pH-dependent ion disassociation
as well as the inhibition of various kinases important in cancer cell signaling [1–4]. Poly inosinic:poly
cytidilic acid (poly I:C) is among the most well-characterized anticancer RNA, possessing RNA
targeting and anti-metastatic activity [5–7]. Our group has studied the interaction and delivery of
poly I:C by ZnO NP [8,9]. Magnesium is best known to stabilize RNA structure-function; however,
ironically, in the nanoscale (<100 nm), the effect of the corresponding antibacterial metal oxide,
magnesium oxide (MgO) NP [10,11], on nucleic acids is unknown. RNA is particularly susceptible to
hydrolysis catalyzed rapidly by nucleases (RNases) present in biological fluids (e.g., serum) and tissues
(e.g., tumor). Similarly, DNA is susceptible to degradation by DNase enzymes. Previously, we have
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shown that complexation of plasmid DNA vaccine or siRNA (small interfering RNA) to certain types
of organic NP or organic-inorganic hybrid NP is protective [12,13]; however, the influence of ZnO or
MgO NP chemistries on DNA and RNA degradation is an important unanswered question and has
never before been compared. Further, it was recently discovered that ZnO NP acts as a biochemical
inhibitor of the bacterial enzyme, beta-galactosidase (β-Gal) which has been linked to its antibacterial
activity [14]. The presence of such hydrolytic and degradative enzymes in serum or tumor environment
may indicate cancer cell escape from the tumor compartment or otherwise contribute to metastasis
or immuno-suppression. Thus, the impact that NP have on enzyme activity in these environments
is important, and further their ability to inhibit biomolecular degradation will likely influence the
extent and time-course of the DNA or RNA biological activity. Here, we show for the first time that
when DNase is heat treated, the presence of MgO but not ZnO NP protects against DNA degradation.
However, for RNA (poly I:C), the integrity of the full-length RNA as measured by gel electrophoresis
is best protected in the presence of ZnO NP but not MgO, after exposure to serum-containing media
and mouse melanoma tumor homogenate. These data have dramatic ramifications for the delivery
of DNA and RNA in vivo and to the development of inorganic metamaterials or composite NP for
anticancer applications.

2. Results and Discussion

2.1. DNA Stability in the Presence of MgO NP

The effect of the MgO NP on DNase digestion of plasmid DNA was examined. In this experiment,
DNase was incubated at 4, 85, 65, 45, or 21 ◦C (rt: room temperature), then combined with MgO,
stained with ethidium bromide (ETBr) and analyzed by agarose gel electrophoresis. The results are
shown in Figure 1.

 
Figure 1. Effects of MgO on DNase activity at various temperatures shown by gel electrophoresis.

As shown in Figure 1, lane 1 shows the results for DNA without DNase or nanoparticle treatment
where the super-coiled (SC) DNA migrates furthest in the gel and a stable open circle (OC) form
runs midway down the gel followed by higher order species retained in the well. Lanes 2, 7, 10, 13,
and 16 show DNA treated with MgO. Lanes 3, 5, 8, 11, and 14 show results for DNA treated with
DNase. Lanes 4, 6, 9, 12, and 15 show results for DNA treated with DNase and MgO. At 85 ◦C,
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the OC band becomes more prevalent and the linear band (not labeled) appears running between
OC and SC. At 65 ◦C, the presence of MgO clearly protects against degradation with SC, OC and
Lin bands present in the lane with nanomaterial (NM) present but no stained bands in the absence
of NP. At 45 or 21 ◦C, intact DNA is only present when incubated with MgO NP. These data indicated
a temperature-dependence of DNA stability to DNase degradation provided by MgO NP. The DNA
stabilizing effect was buffer-dependent, especially at high non-physiological concentrations (100 or
400 mM) of either MgCl2 or ZnCl2 (data not shown).

2.2. DNA Stability in the Presence of ZnO NP

The effect of the ZnO NP on DNase digestion of plasmid DNA was examined next. In this
experiment, DNase was incubated at 4, 85, 65, 45, or 21 ◦C (rt), then combined with ZnO, stained with
ETBr and analyzed by agarose gel electrophoresis similarly. The results are shown in Figure 2.

 
Figure 2. Effects of ZnO on DNase activity at various temperatures shown by gel electrophoresis.

As shown in Figure 2, this gel shows the effects of ZnO on degradation of DNA when treated with
DNase previously incubated at varying temperatures. In this experiment, DNase was incubated at 4,
85, 65, 45, and 21 ◦C (room temperature), then combined with ZnO. Lane 1 shows the results for DNA
without DNase or nanoparticle treatment at 4 ◦C. Lanes 2, 7, 10, 13, and 16 show DNA treated with
ZnO. Lanes 3, 5, 8, 11, and 14 show results for DNA treated with DNase. Lanes 4, 6, 9, 12, and 15 show
results for DNA treated with DNase and ZnO. By marked contrast, the presence of ZnO NP was not
protective of DNA in this experiment, unlike MgO shown above. Thus, at neither temperature were
intact DNA bands shown for DNase incubated with ZnO NP in the presence of DNA. DNA and RNA
are known to interact with ZnO NP [9,10] and it is interesting to note that in comparison to MgO NP
shown in Figure 1, the ZnO NP ratio of SC to OC appears to be slightly greater. Interestingly, ZnO NP
was much more buffer-dependent than MgO and could be induced to provide DNase protection at
higher buffer concentrations (data not shown). Taken together, these data would suggest that ZnO NP
is able to interact with both DNA and protein consistent with previous observations [9–12], but that
the MgO effect may be more driven by nucleic acid interaction.
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2.3. RNA Stability in the Presence of Serum Provided by ZnO but Not MgO NP

Poly inosinic:poly cytidilic acid (poly I:C) is a well-characterized anticancer RNA [5–7]. Our group
has recently shown that intratumoral co-administration of poly I:C with ZnO NP has potent antitumor
activity in a mouse model of experimental melanoma, inducing an antimetastatic biochemical and
immunological profile [8]. For pharmacological activity, maintaining RNA stability in biological
fluids and the tumor micro-environment is critical. Thus, the effect of MgO and ZnO NP on poly I:C
digestion after exposure to fetal bovine serum (FBS) [12,13] was examined next. The results are shown
in Figure 3.

Figure 3. Effects of MgO and ZnO at various concentrations in Fetal Bovine Serum (FBS).

This gel shows the effects of MgO and ZnO in FBS, an environment known to have RNase
activity [6,7]. Lanes 1 and 12 are DNA ladders for comparison. Lanes 2 through 4 are Poly I:C
alone, with MgO, and ZnO, respectively, in water. Lanes 5 through 7 are Poly I:C with MgO,
and ZnO, respectively, in FBS. Lanes 8 and 9 are Poly I:C with MgO and ZnO, respectively, at a higher
concentration (1/4 of volume sample) in FBS. Lanes 10 and 11 are Poly I:C with MgO and ZnO,
respectively, at a higher ratio of FBS (1/2 of volume sample). At each ratio, it is clear that the intensity
of the poly I:C RNA band is greatest in the presence of ZnO than MgO NP. Using a separate sample of
RNA from Torula yeast, MgO NP accelerated the rate of fluorescence band intensity loss relative to
ZnO NP similarly (data not shown). These data suggested that ZnO, but not MgO NP, protects RNA
from hydrolysis.

2.4. RNA Stability in the Presence of Tumor Homogenate Provided by ZnO but Not MgO NP

Previously, we have shown that complexation to nanoparticle can protect RNA from degradation
in tissue homogenate [13]. For an unmodified RNA such as long non-coding RNA, mRNA, RNA
vaccines, etc., to exert robust function within the tumor environment, RNA stability is critical.
Thus, poly I:C RNA stability in melanoma tumor homogenate for ZnO was compared to MgO NP.
The results are shown in Figure 4.
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Figure 4. Effects of MgO and ZnO at various concentrations in Tumor Homogenate.

This gel shows the effects of MgO and ZnO in tumor homogenate, an environment known
to have RNase activity. Lanes 1 and 12 are DNA ladders for comparison. Lanes 2 through 4 are
Poly I:C alone, with MgO, and ZnO, respectively, in water. Lanes 5 through 7 are Poly I:C alone,
with MgO, and ZnO, respectively, in tumor homogenate. Lanes 8 and 9 are Poly I:C with MgO and
ZnO, respectively, at a higher concentration (1/4 of volume sample) in tumor homogenate. Lanes 10
and 11 are Poly I:C with MgO and ZnO, respectively, at a higher ratio (1/2 of volume sample) of tumor
homogenate. The poly I:C band intensity was again greatest in the presence of ZnO in comparison to
MgO NP. These data indicate that ZnO, but not MgO NP, protects poly I:C RNA from degradation in
the tumor homogenate.

2.5. RNA Compatibility of NP

Metal oxide NP generate reactive oxygen species (ROS) such as hydroxide radical and superoxides
and ZnO NP are known to form cationic hydrate species in aqueous buffer [12]. Prolonged exposure
to these may therefore, in addition to hydrolysis, increase the rate of RNA degradation and certain
silica or nitride NP are also known to split water or to effect RNA stability [13,14]. In this case, a pure
macromolecular RNA from Torula yeast obtainable in bulk was used and exposed to NP in water and
the RNA compatibility was assessed similarly by removing aliquots and analyzing them by RNA gel
electrophoresis where the relative fluorescence intensity of the intact RNA band was plotted over time,
as shown in Figure 5.
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Figure 5. RNA compatibility of ZnO (blue) and MgO (orange) relative to silica nitride (SiN4) control (grey).
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As shown in Figure 5, the control NP led to an initial increase in RNA stain intensity likely
reflecting some denaturation of the RNA as the NP binds, allowing access to more dye molecules
and then a gradual decline in the RNA band intensity as the RNA degrades. In the presence of
MgO, there was no initial increase but instead a loss of RNA from the supernatant likely caused by
the aggregation of RNA and its loss from the supernatant consistent with bands in the well-being
higher-order species observed in the previous gels. This is in contrast to chemical degradation inferred
from the control. Importantly, in the presence of ZnO NP, however, no physicochemical alteration in
the RNA, at least by relative fluorescence intensity of the full-length RNA difference from control RNA
receiving no NP, was detected during 72 h of exposure.

3. Materials and Methods

3.1. Materials

Nanoscale ZnO (<100 nm) and MgO (<50 nm), poly inosinic:poly cytidilic acid (poly I:C), torula
yeast RNA and DNase were obtained from Sigma-Aldrich (St. Louis, MO, USA). The nanoparticle size
and zeta potential were confirmed on a Malvern Zetananosizer (Westborough, MA, USA) as per our
previous reports [4,8,9]. The NP were washed with double-distilled water (ddH2O) and precipitated
from alcohol and air-dried to a powder within a biological safety cabinet prior to use. Stock samples
were generally prepared at 1 mg/mL in sterile ddH2O except for tumor homogenate which was
prepared from sterile PBS (phosphate-buffered saline) and FBS was obtained from Hyclone (South
Logan, UT, USA), thawed and used directly.

3.2. DNA Degradation with Heat-Killed DNase

Gel electrophoresis was conducted to test the DNA degradation with heat-killed DNase. In this
experiment, 20-μL samples were created consisting of 1 μL of 1.0 μg/μL DNA (puc118 plasmid;
Clontech Cat.# 3318, Takara Bio USA Inc., Mountain View, CA, USA) and varying concentrations of
DNase to make up the volume. The DNase was used at a concentration of 1:40 and the NP were at
a concentration of 1 mg/mL. One sample of each concentration of DNase was heat denatured by
incubation for 30 min at 75 ◦C. Then, all samples were incubated at 25 ◦C for 30 min. A volume of 2 μL
loading dye was added to each sample (after NanoDrop of both). Samples were then assayed in 1%
agarose gel (100 mA for 45 min), followed by staining using ethidium bromide (EtBr).

3.3. RNA Degradation

In both gels, Poly I:C was used at a stock concentration of 355 μg/mL. Each sample had 1 μL of
this solution for a 1:19 Poly I:C to total volume ratio. Both the MgO and ZnO came from stock solutions
of 1 mg/mL. Depending on the sample, each sample either had 1 μL (1:19), 5 μL (1:3), or 10 μL (1:1) of
the MgO or ZnO NP stock suspension, sonicated and vortexed prior to its addition to DNase, or to
RNA or DNA in solution. The FBS and tumor homogenate were 3 μL in all the samples in which
they were used (3:17). Poly I:C, MONP (metal oxide nanoparticle), and FBS or tumor homogenate
were combined with ultrapure water (enough to create 18 μL of solution so that when the 40% w/v
sucrose and Safestain were added, there would be 20 μL per sample/well) in microcentrifuge tubes
and incubated at 37 ◦C for 1 h. After 1 h, they were combined with 1 μL of sucrose and 1 μL of Bullseye
DNA Safestain (C138) (Midwest Scientific, Valley Park, MO, USA), and then electrophoresed on an 1%
agarose/TAE (Tris base, acetic acid, and EDTA) gel at 100 V for 20 min. They were then imaged using
a Bio-Rad Molecular Imager GelDocTM XR+ Imaging System (Hercules, CA, USA).

3.4. RNA Compatibility

Torula yeast (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in RNase-free double-distilled
deionized water at 1 mg/mL. To an equal volume of RNA was added a 1 mg/mL suspension also in
RNase-free double-distilled water. The two were vortex mixed briefly for 10 to 15 s and exposed to
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physiological temperature and at 6, 12, 24, 36, 48 and 72 h, samples were removed and electrophoresed
on 1% agarose/TAE, fluorescently stained with ethidium bromide and the band intensities determined
on a Kodak Gel Logic 200 Imaging System (Rochester, NY, USA).

4. Conclusions

The results suggest that RNA is best protected by ZnO NP, and DNA by MgO NP. Recently,
our group elucidated the molecular mechanism by which RNA interacts to ZnO NP which involved
interaction both to the phosphodiester and base [9]. In the absence of direct protein interaction which
we know is possible for ZnO NP [15], this would suggest that its RNA interaction either restricts RNase
access or sterically blocks the enzyme from being able to cleave the phosphodiester bond. The thermal
protection provided by MgO to DNA from DNase digestion, however, suggests a different mechanism
is operative, whereby its protein interaction is able to preserve protein structure and hence function
under conditions which would normally denature it. Results from Figure 1 suggest that MgO can
decrease DNase degradation of DNA under certain parameters. From Figure 1, it can be determined
that MgO decreases DNase activity when the DNase is incubated at 65 ◦C—a temperature that is
known to be denaturing to the DNase enzyme, but at which it can still function. The results from
Figure 2 regarding ZnO treatment did not show a significant decrease in DNase activity under any
temperature tested. This can be seen because in Lanes 5, 6, 7, and 9 of Figure 1, three distinct bands
can be seen. These bands represent, from the top, supercoiled DNA that is still intact, open circle
DNA where one strand has been damaged, and linear DNA where both strands have been damaged.
In Figure 2, only Lane 5 shows the same three bands, indicating that the ZnO added in the other lanes
did not protect the DNA from degradation.

In Figure 3, a dimmer signature can be seen in the MgO samples in FBS versus the ZnO samples
in FBS, indicating that the RNA in those samples either experienced more degradation or were tied
up in higher-order complexes or species, resulting in less free RNA able to migrate through the
gel. This is seen even more severely in Figure 4 when the samples are in tumor homogenate rather
than FBS. Even at higher concentrations of MgO, it is unable to protect the RNA from degradation
by its RNase-active environment. With fewer and less concentrated proteins expected from tumor
homogenate than serum-containing media, this suggests that this affect is more nuclease-protective
than an aggregation phenomenon triggered by the protein corona to MgO or lack thereof from ZnO
NP, although more research would be required to conclusively demonstrate this.
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Djurišić, A.B.; et al. Mechanisms of antibacterial activity of MgO: Non-ROS mediated toxicity of MgO
nanoparticles towards Escherichia coli. Small 2014, 10, 1171–1183. [CrossRef] [PubMed]

12. Kang, H.; DeLong, R.; Fisher, M.H.; Juliano, R.L. Tat-conjugated PAMAM dendrimers as delivery agents for
antisense and siRNA oligonucleotides. Pharm. Res. 2005, 22, 2099–2106. [CrossRef] [PubMed]

13. Reyes-Reveles, J.; Sedaghat-Herati, R.; Gilley, D.R.; Schaeffer, A.M.; Ghosh, K.C.; Greene, T.D.; Gann, H.E.;
Dowler, W.A.; Kramer, S.; Dean, J.M.; et al. mPEG-PAMAM-G4 nucleic acid nanocomplexes: Enhanced
stability, RNase protection, and activity of splice switching oligomer and poly I: C RNA. Biomacromolecules
2013, 14, 4108–4115. [CrossRef] [PubMed]

14. Cha, S.H.; Hong, J.; McGuffie, M.; Yeom, B.; Van Epps, J.S.; Kotov, N.A. Shape-Dependent Biomimetic
Inhibition of Enzyme by Nanoparticles and Their Antibacterial Activity. ACS Nano 2015, 9, 9097–9105.
[CrossRef] [PubMed]

15. Zheng, D.W.; Li, B.; Li, C.X.; Fan, J.X.; Lei, Q.; Li, C.; Xu, Z.; Zhang, X.Z. Carbon-Dot-Decorated Carbon
Nitride Nanoparticles for Enhanced Photodynamic Therapy against Hypoxic Tumor via Water Splitting.
ACS Nano 2016, 10, 8715–8722. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

342



nanomaterials

Article

ZnO Interactions with Biomatrices: Effect of Particle
Size on ZnO-Protein Corona

Jin Yu, Hyeon-Jin Kim, Mi-Ran Go, Song-Hwa Bae and Soo-Jin Choi *

Department of Applied Food System, Major of Food Science & Technology, Seoul Women’s University,
Seoul 01797, Korea; ky5031@swu.ac.kr (J.Y.); kimhj043@naver.com (H.-J.K.); miran8190@naver.com (M.-R.G.);
songhwa29@naver.com (S.-H.B.)
* Correspondence: sjchoi@swu.ac.kr; Tel.: +82-2-970-5634; Fax: +82-2-970-5977

Received: 27 September 2017; Accepted: 2 November 2017; Published: 6 November 2017

Abstract: Zinc oxide (ZnO) nanoparticles (NPs) have been widely used for food fortification, because
zinc is essential for many enzyme and hormone activities and cellular functions, but public concern
about their potential toxicity is increasing. Interactions between ZnO and biomatrices might affect
the oral absorption, distribution, and toxicity of ZnO, which may be influenced by particle size.
In this study, ZnO interactions with biomatrices were investigated by examining the physicochemical
properties, solubility, protein fluorescence quenching, particle–protein corona, and intestinal transport
with respect to the particle size (bulk vs. nano) in simulated gastrointestinal (GI) and plasma fluids
and in rat-extracted fluids. The results demonstrate that the hydrodynamic radii and zeta potentials
of bulk ZnO and nano ZnO in biofluids changed in different ways, and that nano ZnO induced higher
protein fluorescence quenching than bulk ZnO. However, ZnO solubility and its intestinal transport
mechanism were unaffected by particle size. Proteomic analysis revealed that albumin, fibrinogen,
and fibronectin play roles in particle–plasma protein corona, regardless of particle size. Furthermore,
nano ZnO was found to interact more strongly with plasma proteins. These observations show that
bulk ZnO and nano ZnO interact with biomatrices in different ways and highlight the need for further
study of their long-term toxicity.

Keywords: zinc oxide; interaction; gastrointestinal fluid; plasma; particle size

1. Introduction

Zinc oxide (ZnO) is widely utilized in industry because of its ultraviolet (UV) protective,
nutritional, and anti-microbial properties [1–3]. ZnO nanoparticles (NPs) are currently used in
cosmetics, sunscreen products, the agricultural industry, food additives, and packaging [4,5].
In particular, ZnO NPs have been used as food fortifications and agricultural fertilizers, because
zinc plays an important role in the metabolism and protein synthesis, and in the regulation of gene
expression and enzyme and hormone activities [6–8]. However, NPs have a large surface area to
volume ratio, which results in high reactivity and behaviors unlike those of micro-sized materials
in biological systems. Hence, NPs might induce unexpected biological responses and biokinetic
behaviors, and this raises public concerns about their potential toxicity.

Many studies have been performed on the toxicity of ZnO NPs in cell lines and animal models [9–12],
and some conflicting results have been reported. The use of NPs with different physicochemical
properties or different experimental conditions are likely to produce different results. Interaction
between particles and biomatrices is another important factor for toxicological consideration. Particles
administered orally encounter diverse biological matrices, such as gastrointestinal (GI) fluids and
blood, and these interactions lead to the formation of particle–biomatrix corona, which can alter their
physicochemical property, biological interaction, and biological fate [13,14]. In particular, NPs–protein
corona formation has been well reported to affect cellular responses. For example, it was reported that

Nanomaterials 2017, 7, 377 343 www.mdpi.com/journal/nanomaterials



Nanomaterials 2017, 7, 377

the ZnO NPs–serum protein interaction influences cytotoxicity, showing lower or higher cytotoxicity
when NPs were dispersed in serum proteins [11,15,16]. The aggregation of di-block copolymer
NPs was found to be induced by fibrinogen, while the adsorption of albumin and complement
component 3 (C3) protein on the surface of NPs triggered the activation of the immune complement
cascade [17]. In addition, it was reported that the NPs–plasma protein interaction can be implicated
in immunological recognition, molecular targeting, biodistribution, and intracellular uptake [18].
The majority of studies on this topic have focused on the determination of NPs interactions with
plasma proteins, though these interactions are surely affected by particle size. Indeed, ZnO NPs were
reported to exhibit a higher cytotoxicity and inflammation response than micro ZnO in human monocytes,
and their size-dependent cytotoxicity toward human lung epithelial cells was also demonstrated [19–21].
Moreover, the question as to whether NPs interactions with biomatrices lead to positive or negative
effects on biological systems remains to be answered.

In the present study, we explored the interactions between ZnO particles and biological fluids
(gastric fluids, intestinal fluids, and plasma) with respect to particle size (bulk vs. nano), and examined
the physicochemical characteristics (hydrodynamic radius, zeta potential, and dissolution property)
of bulk and nano ZnOs in vitro simulated biological fluids and ex vivo rat-extracted fluids.
Particle–protein interactions were evaluated by measuring the protein fluorescence quenching ratio in
the presence of particles, and proteomic analysis was further conducted to identify the plasma proteins
adsorbed on the surface of bulk and nano ZnOs, respectively. Finally, we investigated the effect of
particle size on the intestinal transport mechanism.

2. Results

2.1. Characterization of Bulk and Nano ZnOs

The particle size, morphology, and size distribution of ZnOs were determined by scanning electron
microscopy (SEM). The images showed that nano ZnO particles were spherical and had a narrow size
distribution, whereas bulk ZnO particles were more irregular with a rectangle- or square-like shape
and wider size distribution (Figure 1). The average primary particle sizes of bulk and nano ZnOs,
as determined from the SEM images, were 289.6 ± 68.1 and 28.2 ± 8.2 nm, respectively. However,
dynamic light scattering (DLS) data revealed that both particles agglomerated or aggregated when
suspended in distilled water (DW), showing 3453.3 ± 278.0 and 1976.0 ± 198.7 nm for bulk and
nano ZnOs, respectively (Table 1, Figure S1). On the other hand, the zeta potential values of the bulk
and nano ZnOs were similar, showing 17.5 ± 1.6 and 16.0 ± 1.0 mV for the former and the latter,
respectively, without statistical difference (p > 0.05, Table 2).

 

Figure 1. Scanning electron microscopic (SEM) images and size distribution of (a) bulk ZnO and
(b) nano ZnO. Particle size distribution was determined by randomly selecting 200 particles from the
SEM images.
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Table 1. Hydrodynamic radii of bulk and nano ZnOs in different simulated biological fluids.

Hydrodynamic
radius (nm)

Size Time DW Gastric Fluid Intestinal Fluid Plasma

Bulk
ZnO

1 min
3453.3 ±
278.0 A,a

2161.0 ± 257.0 B,b 3224.5 ± 180.0 A,a 3327.3 ± 268.8 A,a

1 h 2463.0 ± 235.3 B,b,c 2828.5 ± 158.7 A,b 2184.3 ± 203.8 B,c

6 h 3176.0 ± 272.4 A,a 2585.0 ± 84.9 B,b 1735.8 ± 114.0 C,c

24 h 3237.3 ± 81.8 A,a 2227.5 ± 139.0 C,b 1473.8 ± 51.4 C,c

Nano
ZnO

1 min
1976.0 ±
198.7 A,b

2060.8 ± 41.4 A,B,a 3009.8 ± 200.4 B,c 2485.3 ± 226.9 B,b,*
1 h 2365.0 ± 188.9 B,a,b 3079.8 ± 206.5 B,c 2439.0 ± 144.8 B,b

6 h 2993.8 ± 203.2 C,c 2435.0 ± 162.3 C,b 1761.8 ± 250.0 A,C,a

24 h 3180.8 ± 81.3 C,c 2300.5 ± 131.7 A,C,b 1502.3 ± 187.8 C,a

Different capital (A,B,C) and lower case (a,b,c) letters indicate significant differences between incubation times and
between simulated biofluid types, respectively (p < 0.05). * indicates significant differences compared to bulk ZnO
(p < 0.05).

Table 2. Zeta potentials of bulk and nano ZnOs in different simulated biological fluids.

Zeta potential (mV)

Size Time DW Gastric Fluid Intestinal Fluid Plasma

Bulk ZnO

1 min

17.5 ± 1.6 A,a

−17.4 ± 0.5 B,b −23.4 ± 0.6 B,c −27.5 ± 0.9 B,d

1 h −16.9 ± 0.6 B,b −25.9 ± 1.8 C,c −27.9 ± 0.9 B,c

6 h −16.9 ± 0.9 B,b −27.1 ± 0.9 C,D,c −28.5 ± 0.4 B,c

24 h −16.6 ± 0.4 B,b −28.6 ± 0.7 D,c −27.9 ± 0.7 B,c

Nano ZnO

1 min

16.0 ± 1.0 A,a

−14.8 ± 0.7 B,b,* −19.0 ± 0.6 B,c,* −23.1 ± 1.0 B,d,*
1 h −13.5 ± 0.8 B,b,* −20.6 ± 0.9 C,c,* −22.8 ± 0.9 B,d,*

6 h −13.8 ± 0.7 B,b,* −20.7 ± 0.6 C,c,*
−24.6 ± 0.8

B,C,d,*
24 h −13.6 ± 1.0 B,b,* −17.2 ± 2.1 B,c,* −26.2 ± 0.7 C,d,*

Different capital (A,B,C,D) and lower case (a,b,c,d) letters indicate significant differences between incubation times
and between simulated biofluid types, respectively (p < 0.05). * indicates significant differences compared to bulk
ZnO (p < 0.05).

2.2. Changes in the Physicochemical Properties of ZnOs in Simulated Biofluids

The zeta potentials and hydrodynamic radii of ZnO particles in simulated biological fluids were
measured in order to investigate changes in their physicochemical properties after interactions. Table 1
shows that the hydrodynamic radii of bulk ZnO gradually decreased in simulated intestinal and plasma
fluids, while a significant decrease was only found in simulated gastric fluid during 1 h. In particular,
a remarkable decrease was observed under the simulated plasma condition upon incubation. On the
other hand, the overall increase in the hydrodynamic radii of nano ZnO was found under simulated
gastric and intestinal conditions, whereas the hydrodynamic size decreased with incubation in plasma
fluid versus that in DW.

The negative zeta potential values for both bulk and nano ZnOs were measured in all biological
fluids (Table 2), though negative surface charges were significantly greater for bulk ZnO than for nano
ZnO under all conditions tested.

2.3. Dissolution Properties of ZnOs in Simulated Biofluids

The solubility of ZnO particles was evaluated in simulated gastric, intestinal, and plasma fluids
in order to elucidate their biological fate when administered orally. It was found that 24.5% and 24.2%
of bulk and nano ZnOs, respectively, dissolved into zinc ions in simulated gastric fluid (Figure 2a).
Meanwhile, the respective solubilities of ZnOs were ~0.2% and 2.8% under simulated intestinal and
plasma conditions (Figure 2b,c), respectively. In all cases, no significant differences between particle
sizes were found (p > 0.05).
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Figure 2. In vitro dissolution properties of ZnOs in simulated (a) gastric, (b) intestinal, and (c) plasma
fluids. No significant differences between particle sizes were found (p > 0.05).

On the other hand, the ex vivo solubility of ZnO particles was also investigated in rat-extracted
biological fluids; ~12%, ~9%, and 2% solubilities were found in gastric fluid, intestinal fluid, and plasma,
respectively (Figure 3). Particle size was not found to influence ex vivo solubility (p > 0.05).

Figure 3. Ex vivo dissolution properties of ZnOs in rat-extracted gastrointestinal fluids and plasma
after incubation for 30 min. No significant differences between particle sizes were found (p > 0.05).

2.4. ZnO Interactions with Proteins in Simulated Biofluids

When particle interactions with proteins were evaluated in simulated biofluids by measuring the
protein fluorescence quenching ratio, a gradual and dramatic increase in fluorescence quenching by
bulk and nano ZnOs was found in the simulated gastric fluid upon incubation time, but no significant
difference was observed between particle sizes (Figure 4a) (p > 0.05). The fluorescence ratios of both
bulk and nano ZnO reached ~64% after incubation for 24 h. Relatively high fluorescence quenching
(~66%) was induced just after adding both particle types to simulated intestinal fluid and this was
maintained for 24 h (Figure 4b). On the other hand, particle interactions with plasma were simulated
using phosphate buffered saline (PBS) containing bovine serum albumin (BSA) or fibrinogen, the most
abundant plasma proteins. A gradual increase in the fluorescence quenching ratio was observed under
simulated plasma condition containing BSA (Figure 4c).
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Figure 4. Protein fluorescence quenching ratios of bulk and nano ZnOs in simulated (a) gastric and (b)
intestinal fluids and in (c) plasma containing bovine serum albumin (BSA) or (d) fibrinogen. Different
letters capital (A,B,C) and lower case (a,b) letters indicate significant differences between incubation
times and between bulk and nano ZnOs, respectively (p < 0.05).

In particular, a statistically high fluorescence quenching ratio was found in the presence of nano
ZnO versus bulk ZnO. Nano ZnO also interacted more strongly with simulated plasma fluid containing
fibrinogen than bulk ZnO, but the highest fluorescence quenching was observed immediately after
adding particles and subsequently decreased (Figure 4d). Meanwhile, slight red shifts by both bulk
and nano ZnOs were observed in simulated gastric and intestinal fluids after incubation for 24 h
(Figure S2).

2.5. ZnO Plasma–Protein Corona

Rat plasma proteins bound to ZnO particles were quantitatively analyzed by Bradford assay
before gel electrophoresis. Higher amount of proteins was found to be adsorbed on nano ZnO
than bulk ZnO, demonstrating a total of 1544 and 2152 μg adsorbed proteins for bulk and nano
ZnOs, respectively. Plasma proteins adsorbed on the surface of ZnO particles were determined by
one-dimensional (1D) gel electrophoresis (Figure 5a). The results show that the patterns of proteins
bound to bulk and nano ZnOs differ. In particular, a much larger amount of proteins was adsorbed
on nano ZnO. Further protein analysis by two-dimensional (2D) gel electrophoresis showed different
binding profiles between two particles (Figure 5b). As expected, a more intense interaction between
nano ZnO and plasma proteins were found.

 

Figure 5. Plasma protein-binding profiles of bulk and nano ZnOs separated by (a) one-dimensional
and (b) two-dimensional gel electrophoresis.
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The protein corona that formed around the particles were identified by mass spectrophotometry
(MS) according to protein molecular weight (MW) and isoelectric point (pI). The most abundant plasma
proteins identified in the particle–protein coronas are listed in Table 3. A total of 20 and 23 proteins
were determined to be adsorbed on bulk and nano ZnOs, respectively. Among them, 19 proteins
were commonly found in coronas, regardless of particle size. Serum albumin and fibrinogen were
the most abundant two proteins in the corona formed on both bulk and nano ZnOs. Fibronectin
was also commonly and frequently found in particle–protein corona, regardless of particle size.
However, the plasma protein-binding profiles between bulk and nano ZnOs differed. In particular,
fibronectin 1 isoform CRA-b was only detected in the bulk ZnO-protein corona, while complement
C1q subcomponent subunit B precursor, complement C3 precursor, SWItch/sucrose non-fermentable
(SWI/SNF)-related matrix-associated actin-dependent regulator of chromatin subfamily D member 3,
and keratin K6 were only identified in nano ZnO-protein corona.

Table 3. List of the most abundant plasma proteins adsorbed on bulk and nano ZnOs as determined by
liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS).

MW (kDa) pI Bulk ZnO No. Nano ZnO pI MW (kDa)

68.7 6.09 Serum albumin 1 Serum albumin precursor 6.09 68.8

54.3 7.89 Fibrinogen B beta chain 2 Serum albumin 6.09 68.7

60.5 7.56 Fibrinogen alpha subunit 3 Fibrinogen alpha subunit 7.56 60.5

167.2 6.46 Alpha-1-macroglobulin 4 Fibrinogen B beta chain 7.89 54.3

15.7 5.77 Prealbumin 5 Fibrinogen gamma chain precursor 5.85 49.7

45.7 5.37 Serine protease inhibitor A3K 6 Vitronectin 5.68 54.7

60.7 6.56 Fibrinogen alpha chain precursor 7 Prealbumin 5.77 15.7

26.2 5.50 Serum amyloid P-component precursor 8 Alpha-1-inhibitor 3 5.70 163.8

87.0 5.57 Fibrinogen alpha chain isoform X2 9 Fibronectin isoform X3 5.61 262.8

103.6 6.08 Inter-alpha-inhibitor H4 heavy chain 10 Alpha-1-macroglobulin 6.46 167.2

54.2 7.90 Fibrinogen beta chain precursor 11 Fibronectin isoform X2 5.54 262.8

254.4 5.27 Fibronectin isoform X6 12 Inter-alpha-inhibitor H4 heavy chain 6.08 103.6

272.6 5.50 Fibronectin 13 Serine protease inhibitor A3K 5.37 45.7

262.8 5.54 Fibronectin isoform X2 14 Fibronectin isoform X6 5.27 254.4

253.2 5.47 Fibronectin 1 isoform CRA-b 15 Complement C1q subcomponent subunit
B precursor 9.13 26.6

49.7 5.85 Fibrinogen gamma chain precursor 16 Serum amyloid P-component precursor 5.50 26.2

54.7 5.68 Vitronectin 17 Fibrinogen alpha chain precursor 6.56 60.7

68.8 6.09 Serum albumin precursor 18 Complement C3 precursor 6.06 186.4

262.8 5.61 Fibronectin isoform X3 19
SWI/SNF-related matrix-associated

actin-dependent regulator of chromatin
subfamily D member 3

9.36 53.6

163.8 5.70 Alpha-1-inhibitor 3 20 Fibrinogen beta chain precursor 7.90 54.2

21 Fibrinogen alpha chain isoform X2 5.57 87.0

22 Keratin K6 3.10 5.6

23 Fibronectin 5.50 272.6

Proteins marked in bold font were only found in bulk or nano ZnO corona. The list of proteins above is presented in
intensity order as determined by 2D gel electrophoresis. Abbreviations: MW, molecular weight; kDa, kilo dalton; pI,
isoelectric point; No, number.

2.6. Intestinal Transport Mechanism

The intestinal transport mechanism of bulk and nano ZnOs was determined using an in vitro
human follicle-associated epithelium (FAE) model and Caco-2 monolayers, which represent microfold
(M) cells in Peyer’s patches and intestinal tight junction barriers, respectively. The result demonstrated
that both different-sized ZnOs were primarily transported by M cells, and a slight increase in both
particle transports through Caco-2 monolayers was also found (Figure 6). However, transported
amounts were not found to be dependent on particle size (p > 0.05).
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Figure 6. Intestinal transport of bulk and nano ZnOs using an in vitro human follicle-associated
epithelium (FAE) model and a Caco-2 monolayer model. Different capital (A,B) and lower case (a,b)
letters indicate significant differences between the FAE and Caco-2 monolayer models and among
untreated control, bulk ZnO, and nano ZnO, respectively (p < 0.05).

3. Discussion

In the present study, we evaluated ZnO interactions with in vitro and ex vivo biological matrices,
such as GI fluids and plasma, with respect to particle size (bulk vs. nano) in order to elucidate the
effects of particle size on biological interactions. The particle size (289.6 ± 68.1 nm) and hydrodynamic
size (3453.3 ± 278.0 nm) of bulk ZnO were quite different from those of nano ZnO (28.2 ± 8.2 and
1976.0 ± 198.7 nm), and both particles formed agglomerates or aggregates in aqueous solution (Table 1,
Figure S1).

The hydrodynamic radii and zeta potential values of the bulk and nano ZnOs changed in all
biological fluids, indicating particle interaction with biomatrices (Tables 1 and 2). In particular,
a significant decrease in the hydrodynamic radii of both particles under simulated plasma conditions
observed after incubation for 24 h suggests that plasma proteins facilitate particle dispersion
(Table 1) [22–24]. It is worth noting that bulk and nano ZnOs formed agglomerates or aggregates in
DW and biofluids. ZnO NPs were reported to agglomerate or aggregate in aqueous solution, but their
hydrodynamic size remarkably decreased in the presence of BSA or serum protein [15,25–27]. Hence,
it seems that ZnO particles form agglomerates, not aggregates, and their dispersion can be enhanced
by particle–protein interaction. Meanwhile, the positive zeta potential values of bulk and nano ZnOs
in DW became negative in all simulated biofluids (Table 2), indicating the interaction effect on surface
characteristics of particles. In addition, significantly more negative zeta potentials were found for bulk
ZnO than for nano ZnO in all biofluids, implying different interaction between particle sizes.

However, particle size did not affect solubility, as demonstrated by dissolutions of ~24%, 0.2%,
and 2.8% in simulated gastric fluid, intestinal fluid, and plasma, respectively, for both particle sizes
(Figure 2). The high dissolution properties of ZnO NPs under acidic and gastric conditions [28] and
low solubility in neutral fluids have been well reported [29,30], which is in good agreement with
our results. Further investigation on ex vivo solubility showed ~12%, ~9%, and 2% dissolution of
both bulk and nano ZnOs in rat-extracted gastric, intestinal, and plasma fluids, respectively, without
statistical significances between particle sizes (Figure 3). The in vitro and ex vivo solubility of both
ZnOs differed, except in plasma. This lower ex vivo solubility of ZnOs in rat-extracted gastric fluid
than in vitro may be due to the comparatively high pH of rat gastric fluid (pH~3.2 in rats and pH~1.5
in man) [31]. On the other hand, higher solubility was found in rat intestinal fluid than in simulated
fluid, which suggests that the total amount of acidic gastric fluid in rat intestinal fluid was greater than
in simulated intestinal fluid. Taken together, these results suggest that ZnO particles are primarily
present in particulate forms after oral administration, regardless of particle size, although some portion
can be dissolved into zinc ions. Interestingly, it would appear that particle size does not critically affect
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the solubility and biological fate of ZnOs, which is in line with the previously published finding that
ZnO particle size (bulk vs. nano) had no effect on absorption following oral administration to rats [32].

Since all biofluids contain proteins, ZnO interaction with proteins was evaluated by measuring
the protein fluorescence quenching ratio in the presence of particles. Fluorescence quenching was
observed in all biological fluids (Figure 4), suggesting clear particle–protein interactions, although the
quenching ratios depended on biofluid type. Similar particle interactions with GI fluids, regardless
of particle size, imply a low effect of particle–protein interaction on oral absorption. On the other
hand, the fact that red shifts were observed for both different-sized ZnOs in GI fluids (Figure S1)
suggests conformational or structural changes of digestion enzymes, which could potentially affect the
digestion and utilization of nutrients. It is worth noting that the quenching ratios of nano ZnO were
significantly higher than those of bulk ZnO under plasma conditions containing BSA or fibrinogen,
suggesting particle-size-dependent interactions in plasma. It seems that particle size can more critically
affect particle–protein corona formation in plasma, than in GI fluid. Moreover, both ZnO size types
interacted more strongly with BSA than with fibrinogen, which is in line with our proteomic results
(Table 3).

When the particle–plasma protein corona was further investigated using a proteomic approach,
an obvious particle-size-dependent difference was observed by 1D and 2D gel electrophoresis (Figure 5).
Furthermore, a much larger amount and more protein types were found to be adsorbed on nano
ZnO (23 kinds) than on bulk ZnO (20 kinds). MS results in the identification of particle–protein
corona revealed that serum albumin was the most important protein forming the corona, followed by
fibrinogen, regardless of particle size (Table 3). Fibronectin was also frequently found in the coronas
of both bulk and nano ZnOs. Indeed, albumin, fibrinogen, and fibronectin have been reported to be
abundantly adsorbed on NPs [33–35]. Albumin is the most abundant plasma protein and is responsible
for colloid osmotic pressure, transportation, and detoxification [36,37]. Hence, the formation of
ZnO–albumin corona could affect particle toxicity, distribution, and circulation time. Fibrinogen and
fibronectin are both glycoproteins; fibrinogen is involved in the blood coagulation system [38,39] and
fibronectin plays a role in cell adhesion, growth, and wound healing [35,40]. Thus, particle interactions
with fibrinogen or fibronectin could affect innate immune response. The complementary system is
an essential part of the immune system [41,42], which was only found in nano ZnO–plasma protein
corona. These findings show that ZnO–plasma protein interactions are dependent on particle size and
suggest that nano ZnO is more likely to affect immune response than bulk ZnO.

On the other hand, the intestinal transport mechanism was not influenced by particle size
(Figure 6), indicating that bulk and nano ZnOs were transported through M cells and Caco-2
monolayers. ZnO particles were primarily transported by M cells, regardless of particle size.
M cells found in Peyer’s patches in the small intestine are implicated in the transport of various
molecules, including macromolecules and particles [43,44]. Indeed, the intestinal transportation
of diverse NPs by M cells has been recently reported [45–47], which concurs with our results.
It should be noted that ZnO particles can be also transported through intestinal tight junction barriers,
as demonstrated by our Caco-2 monolayer model. This may be associated with their partial ionized
fate, because non-ionized NPs under physiological conditions tend not to be transported through tight
junctions [48,49]. Moreover, no significant differences in the intestinal transportation amount between
particle sizes were found, which could explain the similar oral absorption between bulk ZnO and
nano ZnO [32]. It appears that particle–protein interactions did not remarkably affect the intestinal
transport mechanism and oral bioavailability, regardless of particle size, but particle size plays a role
in interactions with plasma proteins in blood. Further study is required to elucidate the impact of ZnO
NP–protein interactions on potential long-term toxicity.

350



Nanomaterials 2017, 7, 377

4. Materials and Methods

4.1. Materials

Nano ZnO (20 nm) and bulk ZnO (5 μm) were purchased from Sumitomo (Tokyo, Japan) and
Sigma-Aldrich (St Louis, MO, USA), respectively. Each particle was dispersed in DW (5 mg/mL) for
30 min, just prior to experiments.

4.2. Characterization

Primary particle size and morphology were examined using SEM (FEIQUANTA 250 FEG,
Hillsboro, OR, USA). The hydrodynamic radius and zeta potential were determined with a Zetasizer
Nano Series (Malvern, Westborough, MA, USA). The measurements were performed at 25 ◦C by
dispersing particles in DW or biofluids.

4.3. Preparation of Simulated Biofuids

Simulated gastric, intestinal, and plasma fluids were prepared for in vitro studies as previously
described [50]. The simulated gastric fluid was prepared by dissolving 2 g sodium chloride (Samchun
Chemical Co., Ltd., Pyeongtaek, Korea) and 3.2 g pepsin (Sigma-Aldrich, St Louis, MO, USA) in
DW, and the pH was adjusted to 1.5 with 1 N hydrochloric acid (Duksan Pure Chemicals Co., Ltd.,
Ansan, Gyeonggi-do, Korea), and then made up to 1000 mL. For the simulated intestinal fluid, bile salt
(87.5 mg) (Sigma-Aldrich, St Louis, MO, USA) and pancreatin (25 mg) (Sigma-Aldrich, St Louis, MO,
USA) were added to the simulated gastric fluid, and then the pH was adjusted to 6.8 with saturated
sodium bicarbonate solution (Sigma-Aldrich, St Louis, MO, USA). The simulated plasma fluid was
prepared by dissolving 50 g of BSA (Sigma-Aldrich, St Louis, MO, USA) in PBS solution (NaCl 137 mM,
KCl 2.7 mM, Na2HPO4 10 mM, KH2PO4 1.8 mM; Dongin Biotech. Co., Ltd., Seoul, Korea), and then
made up to 1000 mL.

4.4. Animals and Preparation of Rat-Extracted Biofluids

Five-week-old female Sprague Dawley (SD) rats weighing around 150 g were obtained from Nara
Biotech Co., Ltd. (Seoul, Korea) and acclimated to environments for seven days before experiment.
Animals were housed in plastic animal cages in a ventilated room maintained at 20 ± 2 ◦C and
60 ± 10% relative humidity under a 12 h light/dark cycle. Water and commercial laboratory complete
feed for rats were provided ad libitum. All animal experiments were performed in accordance with the
approved animal protocol and guideline established by the Animal and Ethics Review Committee of
Seoul Women’s University (IACUC-2016A-3).

Rat biofluids, such as GI fluids and plasma, were obtained as previously reported [50]. Briefly,
stomachs and small intestines were collected and rinsed with saline, and then gastric and intestinal
fluids were obtained by centrifugation at 16,000× g for 15 min at 4 ◦C. To obtain plasma, blood sample
was collected via tail vein using a catheter, and centrifuged at 16,000× g for 3 min at 4 ◦C.

4.5. In Vitro and Ex Vivo Dissolution Properties of ZnO in Biofluids

Each particle (bulk and nano ZnOs) suspension was added to simulated and rat-extracted biofluids
(5 mg/mL) and incubated with gentle shaking (180 rpm) at 37 ◦C. After designated incubation
times, supernatants were collected by centrifugation (16,000× g) for 15 min. Pre-digestion of the
collected supernatants was performed with 10 mL of 60% ultrapure nitric acid and 0.5 mL of H2O2 at
180 ◦C until samples were completely digested. Solutions were diluted with 2.5 mL of distilled and
deionized water (DDW) and quantitative analysis of the dissolved Zn from ZnO was carried out using
inductively coupled plasma–atomic emission spectroscopy (ICP-AES, JY2000 Ultrace, HORIBA Jobin
Yvon, Longjumeau, France).
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4.6. Fluorescence Quenching Measurement

To determine particle–protein interaction, a fluorescence quenching measurement was performed
in two different simulated plasma fluids. BSA (Sigma-Aldrich, St Louis, MO, USA) or fibrinogen
(Sigma-Aldrich, St Louis, MO, USA) was added to PBS at concentration of 1 mg/mL. ZnO particle
suspensions (100 μL of 5 mg/mL) were added in 1 mL of simulated solutions and incubated for 1 min,
1 h, and 24 h at 37 ◦C with gentle shaking (180 rpm). A protein fluorescence quenching assay was
carried out using a spectrophotometer (Molecular Devices, LLC., Sunnyvale, CA, USA). Fluorescence
spectra were measured at 300–420 nm using an excitation wavelength of 280 nm. Protein fluorescence
quenching ratios were calculated as (I0-I)/I0, where I0 and I stand for fluorescence intensities in the
absence and presence of ZnO particle suspensions, respectively.

4.7. 1D and 2D Gel Electrophoresis

Particle suspensions of bulk and nano ZnOs (100 μL of 50 mg/mL) were incubated with 1 mL
of rat plasma at 37 ◦C with gentle shaking (180 rpm) for 1 h, and then centrifuged at 23,000× g for
1 h at 4 ◦C in order to separate unbound proteins. The precipitates were washed three times with
DDW. The 1D gel electrophoresis was carried out by suspending samples in rehydration buffer (7 M
urea, 2 M thio-urea, 4% 3-[(3-cholamido-propyl)dimethylammonio]-1-propanesulfonate (CHAPS),
2.5% dithiothreitol) containing protease inhibitor cocktail (Roche Molecular Biochemicals, Indianapolis,
IN, USA), and by vortexting overnight. After centrifugation at 15,000× g for 20 min, the lysates
were re-suspended in sodium dodecyl sulfate (SDS) sample buffer (2% SDS, 0.1% bromophenol
blue, 10% glycerol, 0.5% β-mercaptoethanol in 50 mM Tris-HCl, pH 6.8), and then heated at 95 ◦C
for 5 min. After cooling to room temperature, samples (30 μg of protein) were loaded into 15%
SDS-polyacrylamide (PAGE) gels. Protein concentrations were determined by Bradford method
(Bio-Rad, Hercules, CA, USA).

For 2D gel electrophoresis, pH 3–10 immobilized pH gradient (IPG) strips (GE Healthcare Life
Sciences, Pittsburgh, PA, USA) were rehydrated in swelling buffer (7 M urea, 2 M thiourea, 0.4% (w/v)
dithiothreitol, and 4% (w/v) CHAPS). The protein lysates (700 μg) were loaded into the rehydrated IPG
strips using an IPGphor III (GE Healthcare Life Sciences). 2D separation was performed on 14% (v/v)
SDS-PAGE gels. After gel fixation for 1 h in 40% (v/v) methanol containing 5% (v/v) phosphoric acid,
the gels were stained with Coomassie blue G-250 solution (ProteomeTech, Seoul, Korea), and destained
in 1% (v/v) acetic acid. Images were acquired with an Image Scanner III (Bio-Rad, Hercules, CA, USA).

4.8. Identification of Proteins by Liquid Chromatography-Mass Spectrometry/Mass Spectrometry

Image analysis was carried out using an Image MasterTM 2D Platinum software (GE Healthcare
Life Science, Pittsburgh, PA, USA). To compare the densities of protein spots induced by bulk or nano
ZnOs, more than 25 spots were landmarked and normalized. In-gel digestion of protein spots from
Coomassie Blue stained gels was performed as previously described [51]. Prior to mass spectrometric
analysis, the peptide solutions were desalted using a reversed-phase column [52]. The eluted peptides
were analyzed by liquid chromatography-mass spectrometry/mass spectrometry (LC-MS/MS) on a
nano ACQUITY UPLC (Waters, Milford, MA, USA) directly coupled to a Finnigan LCQ DECA iontrap
mass spectrometer (Thermo Scientific, Waltham, MA, USA). Spectra were acquired and processed
using the MASCOT software (Matrix Science, London, UK). The individual spectra from MS/MS were
processed using a SEQUEST software (Thermo Quest, San Jose, CA, USA). Only significant hits as
defined by the MASCOT software (Matrix Science, London, UK) probability analysis were taken.

4.9. Three Dimensional (3D) Cell Culture for FAE Model

ZnO particle transport by M cells was investigated using an in vitro human intestinal FAE model,
as previously described [53]. Human intestinal epithelial Caco-2 cells and non-adherent human
Burkitt’s lymphoma Raji B cells (Korean Cell Line Bank, Seoul, Korea) were grown in minimum essential
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medium (MEM; Welgene Inc., Gyeongsangbuk-do, Korea) and Roswell Park Memorial Institute (RPMI)
1640 medium (Welgene Inc.), respectively, supplemented with 10% fetal bovine serum, 1% non-essential
amino acids, 1% L-glutamine, 100 units/mL penicillin, and 100 μg/mL streptomycin at 37 ◦C under 5%
CO2 atmosphere. After coating Transwell® polycarbonate inserts (SPL Lifescience, Gyeonggi-do, Korea)
with Matrigel™ matrix (Becton Dickinson, Bedford, MA, USA) for 2 h, supernatants were removed,
and then inserts were washed with DMEM. Caco-2 cells (1 × 106 cells/well) were seeded in the apical
side and grown for 14 days. Lymphoma Raji B cells (1 × 106 cells/well) were added to the basolateral side,
and maintained for five days. Apical medium was then replaced with ZnO suspensions (16.25 μg/mL),
and incubation continued for 6 h. The transported amounts of ZnO particles were determined by
measuring total Zn levels in the basolateral side using ICP-AES (JY2000 Ultrace, HORIBA Jobin Yvon).
Pre-digestion for the ICE-AES analysis was performed in the same manner as described in “In vitro and
ex vivo dissolution properties”.

4.10. 3D Cell Culture for Intestinal Epithelial Monolayers

The transport of ZnO particles by the intestinal epithelium monolayer was evaluated using an
in vitro Caco-2 monoculture system. Caco-2 cells (4.5 × 105 cells/well) were seeded on the upper insert
side in the same manner as described in the FAE model, and then cultured for 21 days. After replacing
the apical medium of cell monolayers with ZnO suspensions (16.25 μg/mL), incubation continued
for 6 h. The transported concentrations of ZnO particles were determined in the same manner as
described in the FAE model.

4.11. Statistical Analysis

Results were presented as means ± standard deviation. Experimental values were compared with
each other. One-way analysis of variance (ANOVA) with Tukey’s Test in SAS Ver.9.4 (SAS Institute Inc.,
Cary, NC, USA) was used to determine the significances between experimental groups. Statistical
significance was accepted for p values < 0.05.

5. Conclusions

In this study, ZnO interactions with biological fluids were clearly demonstrated in terms of
changes in the physicochemical properties, solubility, fluorescence quenching, and particle–plasma
protein corona formation. Bulk and nano ZnO were found to interact differently with biomatrices,
in particular, nano ZnO exhibited lower negative surface charges and had higher fluorescence
quenching ratios under simulated plasma condition. More abundant plasma proteins were determined
to be adsorbed on nano ZnO than on bulk ZnO. In particular, complement C was only identified in
nano ZnO-plasma protein corona, while serum albumin, fibrinogen, and fibronectin seemed to play
roles in corona formation, regardless of particle size. However, particle solubility and the intestinal
transport mechanism did not appear to be influenced by particle size. Further study is required to
elucidate the effect of NP interaction with biomatrices on potential toxicity and nutrient absorption
after long-term exposure.

Supplementary Materials: The following are available online at www.mdpi.com/2079-4991/7/11/377/s1,
Figure S1: Representative size distribution of (a,c,e) bulk ZnO and (b,d,f) nano ZnO, measured by dynamic
light scattering (DLS), in simulated (a,b) gastric, (c,d) intestinal, and (e,f) plasma fluids; Figure S2: Fluorescence
spectra of simulated (a,b) gastric fluid, (c,d) intestinal fluid, (e,f) plasma containing bovine serum albumin
(BSA, plasma-BSA), and (g,h) plasma containing fibrinogen (plasma-fibrinogen) in the absence or presence of bulk
ZnO or nano ZnOs.
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Abstract: The thermally-induced crystallization of anodically grown TiO2 amorphous nanotubes has
been studied so far under ambient pressure conditions by techniques such as differential scanning
calorimetry and in situ X-ray diffraction, then looking at the overall response of several thousands
of nanotubes in a carpet arrangement. Here we report a study of this phenomenon based on an
in situ transmission electron microscopy approach that uses a twofold strategy. First, a group of some
tens of TiO2 amorphous nanotubes was heated looking at their electron diffraction pattern change
versus temperature, in order to determine both the initial temperature of crystallization and the
corresponding crystalline phases. Second, the experiment was repeated on groups of few nanotubes,
imaging their structural evolution in the direct space by spherical aberration-corrected high resolution
transmission electron microscopy. These studies showed that, differently from what happens under
ambient pressure conditions, under the microscope’s high vacuum (p < 10−5 Pa) the crystallization of
TiO2 amorphous nanotubes starts from local small seeds of rutile and brookite, which then grow up
with the increasing temperature. Besides, the crystallization started at different temperatures, namely
450 and 380 ◦C, when the in situ heating was performed irradiating the sample with electron beam
energy of 120 or 300 keV, respectively. This difference is due to atomic knock-on effects induced by
the electron beam with diverse energy.

Keywords: TiO2 amorphous nanotubes; high resolution transmission electron microscopy; in situ
transmission electron microscopy; amorphous-crystalline phase transition; electron beam effects;
anodic oxidation

1. Introduction

Titanium dioxide (TiO2), even in form of nanotubes, is a well-known material due to its physical
and chemical properties and related applications in many diverse fields, such as non-linear optics,
photocatalysis, energy storage, optoelectronics, transport-related phenomena, dye-synthesized solar
cells, mesoporous structures and film formation [1–14]. TiO2 can be found as an amorphous and
in several, different crystalline polymorphs, being the most known anatase (tetragonal), rutile
(tetragonal) and brookite (orthorhombic). Besides, TiO2 amorphous nanotubes (TANs) prepared
by anodic oxidation of a titanium surface also deserved large interest due to their further and diverse
applications, again such as energy harvesting and storage, optoelectronics, photocatalysis, water
splitting, and as an effective biomaterial [15–18]. Indeed, as-grown TANs can be easily crystallized in
the desired phase by simple thermal treatment.

So far, few detailed studies of both amorphous TiO2 films of different thickness and TAN
crystallization have been published [19–23]. Most of them are based on techniques, such as X-ray
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diffraction (XRD) and differential scanning calorimetry (DSC), that show the overall behavior of a
multitude of objects subject to a thermal ramp performed under standard pressure conditions (105 Pa).
More in detail, the studies performed on amorphous TiO2 films deposited by magnetron sputtering
onto monocrystalline silicon substrate showed that both the initial crystallization temperature and
the time needed to crystallize the whole film depend strongly on its features: the higher its thickness,
the lower both the initial crystallization temperature and the time needed for the film’s complete
crystallization [19,20]. Among these works, the minimum transition temperature found for the
crystallization of a thick TiO2 film (800 nm-thick) was reported as being about 180 ◦C [10]. Moreover,
once the amorphous films started to crystallize onto the silicon substrate, the zones close to it evolved
to the rutile phase, and those far from it to anatase. Besides, after their formation the crystalline
domains kept a small size (i.e., less than 10 nm) up to a quite high temperature; also, a substantial
increase in temperature was needed to promote the transition from anatase to rutile for the portion of
the films not in proximity of the substrate [21]. A quite similar XRD- and DSC-based approach was
followed to investigate the crystallization of highly ordered TANs grown on a titanium substrate [22].
In the latter case, it was shown that at 350 ◦C TANs started to crystallize as anatase, with a mean
crystalline domain size around 20 nm, while rutile appeared only for temperatures higher than 600 ◦C.
Finally, an important work was published showing the crystallization of TANs studied by both thermal
gravimetric analysis/differential thermal analysis, XRD and ex situ transmission electron microscopy
(TEM) [23]. In this work, which concerns template-directed low temperature atomic layer deposition on
an alumina template, physically confined TANs were prepared and thermally crystallized. In this case,
it was clearly observed that TANs with a wall thickness of 5 nm, when confined, become crystalline at
400 ◦C taking the anatase structure, which is retained even if the nanotubes are heated up to 1000 ◦C.
Besides, if the TANs are annealed with no further physical confinement thanks to the low-temperature
programmed dissolution of the polymer template, they still keep their tubular shape (this phenomenon,
due to their intrinsic curvature, being called “self-confinement”) and again take the anatase crystal
phase at the same temperature of the confined ones, i.e., 400 ◦C, with some minority traces of the rutile
phase being found at 1000 ◦C.

Thus, even though the thermally-induced crystallization of TANs has been understood in terms
of transition temperatures and final crystalline phases obtained, as in the case of the amorphous TiO2

films, these investigations did not unveil the effect of a very low external pressure on this phenomenon,
nor the mechanism that leads to the crystal formation at the local scale under the abovementioned
high vacuum conditions.

Furthermore, even though some works were published concerning in situ studies of materials
with some similarity to TANs for shape or composition [24–27], to our best knowledge the TANs
thermally-induced crystallization was never investigated by an in situ TEM-based approach. Herein,
the study of TAN crystallization has been then performed using this approach and following a twofold
experimental strategy that allowed us to observe how this phenomenon occurs and evolves at a very
local scale. The first part of this strategy consisted in heating in situ a group of several tens of TANs,
while looking at their electron diffraction pattern and at its variation over time. This allowed the
determination of both the starting temperature of crystallization and the evolution of the appearing
crystalline phases. Second, the experiment was repeated on several groups of few nanotubes, imaging
their structural change in the direct space by spherical aberration (Cs)-corrected high resolution
transmission electron microscopy (HRTEM). These studies permitted the determination that, differently
from what happens under standard pressure, under the microscope’s vacuum (p < 10−5 Pa) the
crystallization of TiO2 amorphous nanotubes starts from local small seeds of rutile and brookite,
which then grow up with the increasing temperature. Besides, different starting temperatures of
crystallization, namely 450 ◦C and 380 ◦C, were observed when the in situ heating was performed
with electron beam energy of 100 and 300 keV, respectively. This difference is due to atomic knock-on
effects induced by the electron beam with diverse energy.
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2. Results

After deposition on the micro electro-mechanical system (MEMS) constituting the in situ holder
grid, it was possible to determine that TANs displayed a mean diameter of 80 nm and mean length
of 250 nm, as shown in Figure 1a,b, with a minority group of longer TANs (see Figure 1b). As a
first experiment, the TANs’ structural evolution was studied by recording the two-dimensional
electron diffraction (ED) patterns of a several micron-sized aggregate of TiO2 nanotubes, as displayed
in Figure 1b, while increasing the temperature from room temperature (RT = 20 ◦C) to 800 ◦C.
No structural evolution was observed in the amorphous TiO2 sample up to 450 ◦C, as evidenced by
the lack of diffraction spots in the selected area electron diffraction (SAED) pattern. Between 450
and 520 ◦C a full structural evolution was observed and is shown in Figure 1c: the first low-intensity
diffraction spots appeared at 450 ◦C, with a subsequent evolution of the patterns towards a full SAED
pattern showing diffraction rings and spots compatible with the rutile phase by 470 ◦C. A subsequent
increase in temperature to 500 ◦C resulted in the appearance of additional diffraction spots and rings,
which were attributed to the presence of both the rutile and brookite phases, until a stable diffraction
pattern was reached at 520 ◦C. Additional heating treatments up to 800 ◦C did not result in any further
modification of the SAED patterns, which were also maintained after decreasing the temperature to RT.

 

Figure 1. In situ selected area electron diffraction (SAED) heating experiment: (a) Representative (TiO2
amorphous nanotubes) TANs at room temperature RT; (b) The several micron-sized aggregate of TiO2

TANs chosen for the in situ heating; (c) SAED patterns of the aggregate reported in panel (b), recorded
at different temperatures during the in situ heating experiment.

In situ HRTEM analysis was then performed on a 300 kV Cs-corrected microscope, taking into
account the structural information obtained by the previous experiment and studying the structural
evolution of different aggregates against temperature at a very local scale. In fact, given the amorphous
nature of TANs at room temperature, it was not possible to know a priori which ones would have
been properly oriented for HRTEM imaging. Then, several aggregates constituted by a few TANs
each were imaged and their positions were recorded before starting any heating ramp. Some of
these aggregates are reported in Figure 2. Besides, the thermal treatment during the in situ HRTEM
experiment was performed according to a slightly different procedure than that followed for the first
ED-based experiment reported above. In fact, here the sample heating was performed up to a given
temperature, then lowered to 100 ◦C during the acquisition of the corresponding HRTEM images and
heated up again to a higher fixed temperature. This “sawtooth” thermal approach allowed the analysis
of the structural evolution of the different zones under the same thermal conditions: the whole sample
was subject to the temperature ramp, but the time needed to analyze the appropriately chosen zones
was spent at low temperature, where no temperature-driven structural variation is expected, thus
minimizing the occurrence of any further structural evolution in-between different zones.
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Figure 2. Low magnification transmission electron microscopy (TEM) images of micron-sized TANs:
(a,b) Small aggregates of TANs recorded at RT and used for the in situ high resolution transmission
electron microscopy (HRTEM) heating experiment.

The first evolution of the sample was already observed at 380 ◦C, with seeds around 10 nm
in size appearing at the nanotubes, and indicated in the low magnification TEM images (shown in
Figure 3a,b) by red arrows. It should be noticed that these seeds were not observed when the same
aggregates were previously imaged by low magnification TEM, as reported in Figure 2. Moreover,
two-dimensional fast Fourier transform (2D-FFT) analysis of the seeds’ HRTEM images reported in
Figure 3d,e confirmed that these seeds are generally polycrystalline in nature and sport lattice distances
and angular relationships compatible with brookite and rutile (as shown in the lower part of panels
Figure 3d,e). Moreover, a patched crystallization of the TANs was detected outside the seeds and can
be observed in Figure 3c. Even if the seldom occurrence of seeds would not have been likely detected
during the SAED experiment, the occurrence of zones with patched crystallization at a nominally
lower temperature indicates a possible additional contribution induced by the more energetic electron
beam with respect to the previous experiment.

 

Figure 3. Cont.
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Figure 3. In situ HRTEM heating experiment of micron-sized TANs: (a,b) Evolution of the small
aggregates of TANs reported in Figure 2, now recorded at 380 ◦C. The red arrows reported in panel
a and b indicate the localization of several small crystalline seeds not observed in the panel (a,b) of
Figure 2. The white dotted rectangles indicate the regions of interest analyzed by HRTEM and reported
in panels c, d and e; (c) HRTEM image of a region with patched crystallization of rutile (in white)
in the first aggregate (see the rectangle in panel 3a); (d) HRTEM image of a rutile seed (in white) in
the second aggregate (see the rectangle on the left in panel and corresponding two-dimensional fast
Fourier transform (2D-FFT) showing the expected interplanar distances and angular relationships,
3b); (e) HRTEM image of a polycrystalline brookite seed (in green) in the second aggregate (see the
rectangle on the right in panel 3b). The two main crystalline domains are separated by a white dashed
line, and the corresponding 2D-FFTs are presented below. Both show the interplanar distances and
angular relationships expected from brookite.

Figure 4 shows the TANs imaged after the temperature was further increased to 500 ◦C, in order
to reach conditions corresponding to the final crystallization of the sample. The seeds were still present
and showing a slight increase in size and roundness, while the nanotubes had evolved to polycrystals.
More in detail, the seeds were still polycrystalline, albeit with bigger-sized domains of rutile and
brookite phases, while the nanotubes featured a disordered crystallization, featuring extended crystal
domains along with smaller, disordered, multi-domain zones; the most extended crystal domains
could be identified by 2D-FFT analysis as rutile, with smaller zones and islands also showing structural
features of brookite and anatase.

 

Figure 4. Cont.
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Figure 4. In situ HRTEM heating experiment of micron-sized TANs: (a,b) Evolution of the small
aggregates of TANs reported in Figures 2 and 3, now recorded at 500 ◦C. The white dotted rectangles
indicate the regions of interest analyzed by HRTEM and reported in panels c and d; (c) HRTEM image
of a an extended crystal domain of rutile (in white) in the first aggregate (see the rectangle in panel 4a);
(d) HRTEM image of region of the second aggregate with patched crystallization (see the rectangle in
panel 4b). Distinct crystal domains of rutile (in white), brookite (in green) and anatase (in red) can be
identified. The 2D-FFT of the brookite seed is presented in the inset, showing its interplanar distances
and corresponding angular relationships for the observed zone axis.

Moreover, a group of bigger TANs, with a mean diameter of more than 200 nm and a length
above one micron, showed a different structural evolution with respect to their smaller counterpart,
displayed in Figure 5. These nanotubes did not present any structural evolution at 380 ◦C apart
from showing very few 5-nm-sized seeds (Figure 5b,d), while at 500 ◦C they presented wider and
more ordinate crystal domains of brookite and anatase (Figure 5c,e). The dissimilarity between their
structural evolution and that of the nanotubes on the one hand, and of the general evolution of the
aggregates on the other hand, suggest that the bigger TiO2 tubes represent a minor part of the sample,
while their crystallization in anatase and brookite phases over rutile and brookite could be attributed to
a temperature driven, size-related effect. Finally, no trace of materials coming from reduced TiO2 was
found in any region of the examined aggregates. The thermal profiles used in both the SAED-based
and HRTEM-based experiments are shown in the Scheme 1, where both the crystal phases appearance
and their thermal evolution, as described above, are also summarized.

Scheme 1. Time vs. temperature schemes depicting the thermal ramps used during the in situ heating
studies: (a) thermal ramp used during the in situ SAED heating experiment; (b) thermal ramp used
during the in situ HRTEM heating experiment. Milestones in black at the bottom of panel (b) indicate
the structural evolution of the main population of TANs (250 nm in length, see Figures 2–4); milestones
in blue at the top of panel (b) indicate the structural evolution of the secondary population (around
one micron in length, see Figure 5). The pressure value in both the experiments was less than 10−5 Pa.
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Figure 5. In situ HRTEM heating experiment of bigger TANs: (a–c) Evolution of the aggregates of TANs
recorded at RT (c), 380 ◦C (b) and 500 ◦C (c), The white dotted rectangles indicate the regions of interest
analyzed by HRTEM and reported in panels d and e; (d) HRTEM image of a brookite seed (in green)
recorded at 380 ◦C (see the rectangle in panel 3b). The inset presents the corresponding 2D-FFT,
showing the interplanar distances and angular relationships expected for the brookite; (d) HRTEM
image of extended crystal domains of brookite (in green) and anatase (in red) recorded at 500 ◦C
(see the rectangle in panel 4c).

3. Discussion

Recently, we carried out an in-depth study of the effect of TAN crystallization on their mechanical
properties [28]. In that case the TAN heating was performed ex situ, i.e., under ambient pressure
conditions outside the electron microscope, and the TANs were subsequently imaged by HRTEM at
RT after they reached a temperature of 150 , 300 and 450 ◦C, respectively. The structural evolution
measured at these temperatures was then compared with that studied by means of both HRTEM
and Raman spectroscopy. We found that the TAN crystallization had just started at 150 ◦C, with
the appearance of very small (2–3 nm) crystalline domains of anatase. At 300 ◦C, their size grew
to about 10 nm, while some further and quite smaller domains of brookite also appeared. Finally,
at 450 ◦C crystallization was observed to have further proceeded, with the TANs being constituted
by large zones of anatase, even if brookite was still present. As the HRTEM provided a very local
structural characterization obtained by 2D-FFT analysis, the Raman spectroscopy, performed over
a much larger scale, allowed the determination of the anatase as the majority phase. These results
basically confirm what was already reported both in [22,23], where TANs of similar size to ours
were thermally crystallized under ambient pressure conditions, as reported in the introduction. It is
noteworthy that in the two cases the observed evolution is very similar in terms of starting temperature
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of the amorphous-to-crystalline transition, as well as the kind of crystalline phase formed and the
growth observed in the size of crystalline domains. Conversely, when performed in situ, i.e., inside the
electron microscope, the same heating experiment leads to different outcomes due to the variation in
vacuum conditions (p < 10−5 Pa). First, under such a low pressure the TANs underwent a transition
to rutile and brookite, with the crystallization in general starting at higher temperatures than those
determined in all the previous heating experiments conducted under standard pressure. Then, even
if the intrinsically very local nature of HRTEM imaging does not allow the provision of a precise
quantitative determination of the majority crystal phase appearing as a consequence of the thermal
treatment, some rough consideration may be attempted about the relative prominence of the crystal
phases we observed. In fact, looking at the HRTEM results reported in Figures 2–4, it appears
quite clearly that most of the smaller TANs crystallize in polycrystalline rutile nanotubes, with the
SAED-based results reported in Figure 1 confirming what was locally observed by HRTEM. Conversely,
the thermal evolution of the rarer and bigger TANs reported in Figure 5 lead to the crystallization in
both the anatase and brookite phases, in a similar fashion to what observed in the case of physically
confined and self-confined TANs under ambient pressure conditions [23]. To our best knowledge, this
is the first case in which the TANs amorphous-to-crystalline phase transition has been investigated
under such a low-pressure conditions, although similar phase variation processes have already been
observed at room temperature under lower vacuum conditions (p ≈ 10−3 Pa) due to visible light
irradiation [29,30].

Furthermore, changing the electron beam energy of our TEM experiment (from 120 keV for the
first, ED-based observation to 300 keV for the Cs-corrected HRTEM imaging) gives rise to a pronounced
decrease of the TANs’ initial crystallization temperature, indicating an electron beam contribution to
the phenomenon. The several effects caused by the electron beam irradiation of a sample have been
extensively studied, see for instance [31,32], and among them specimen heating is the one that could be
most immediately considered in our case. However, if this was the only effect to take into account, the
sample should undergo a local thermal increase at least equal to the difference in temperature observed
when the electron beam energy (E0) changed from 120 to 300 keV (i.e., ΔT = 450 ◦C − 380 ◦C = 70 ◦C
for ΔE = 180 keV) in order to give rise to the lower crystallization temperature observed at 300 keV.
Conversely, electron beam-induced sample heating is a well-known phenomenon caused by inelastic
electron–electron scattering, capable of raising the sample temperature by only a few degrees [31].
Then, it cannot provide the additional thermal contribution needed to decrease the temperature of
crystallization that we observed. Moreover, even if ΔT is usually considered directly proportional to
ΔE, the total amount of energy lost by the electron beam decreases with the increasing energy, due to
the reduced electron–atom scattering cross-section. For the same reason, the radiolysis effects, which
consist in bond breaking, decrease when E0 increases, and cannot be considered as playing a role in
the lower crystallization temperature of the TANs. Conversely, such a decrease has to be ascribed
to atomic displacement, also known as the knock-on effect, suffered by the sample atoms when the
high-energy beam electrons hit them. In this case, the maximum amount of energy Em transferred
between fast electrons and atoms is related to E0 by the following equation [33]:

Em = 2E0(E0 + 2m0c2)/Mc2, (1)

where c is the light speed, m0 the electron rest mass and M the target atom’s mass. Then, the knock-on
effect takes place whenever the displacement energy is lower than the transferred energy, with the
mass of the target atom being the only sample-related parameter and atoms with lower mass being
more likely to suffer from atomic displacement. The dependence of the starting temperature of
crystallization on the electron beam energy E0 was also previously observed for different materials,
namely Si2Sb2Te5 [34] and Ge2Sb2Te5 [35]. In both cases, the materials amorphous-to-crystalline phase
transition was promoted by an increase of E0, as a consequence of atomic displacement induced by the
electron beam irradiation. It is noteworthy to highlight that the change in E0 affected just the starting
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temperature of crystallization, not the crystalline phases formed (brookite and rutile) nor the final
polycrystalline nature of the crystallized nanotubes.

Also, our results are in good accordance with those obtained by non-thermal, optically-assisted
crystallization of amorphized TiO2 nanocrystals to the rutile phase under oxygen-poor conditions [30].
There, an adequately energetic irradiation gave rise to oxygen desorption processes that improved
the superficial chemical reactivity of TiO2 and triggered the crystallization of neighboring amorphous
nanoparticles into bigger rutile nanocrystalline seeds. Here, the variation in the electron beam energy
from 120 to 300 keV increases the displacement of oxygen atoms, thus affecting the chemical reactivity
at the surface of TiO2 nanotubes and leading to the decrease in crystallization temperature that we
observed, while also providing an indication with regards to the rare formation of the nanoseeds
observed in Figures 3–5. Local variations in the quantity of displaced oxygen atoms could render the
amorphous TiO2 locally unstable and trigger the formation of small nanocrystalline precursors (<2 nm)
that act as a starting point for both nanoseeds and patched crystallization zones. Then, the occurrence of
nanoseeds could derive from the fast sintering of two or more nearby precursors [36,37], that coalesce to
reach an energetically favorable condition and are not further modified by the heating. The appearance
of rutile nanoseeds might be caused by the direct nucleation of at least one rutile precursor, which will
command the crystallization during the fast sintering [38], while brookite nanoseeds should form in
presence of at least one anatase precursor [36]. Then the formation of brookite seeds, albeit unexpected
according to the TiO2 phase diagram under standard pressure conditions, suggests a local effect of
the amorphous-to-crystalline transition under high vacuum conditions. These results require further
experimental and theoretical studies to better comprehend how such low pressure conditions influence
the phase diagram of TiO2 at the nanosize.

Obviously, understanding why different crystal phases appear and stabilize in the shorter or
longer TANs crystallized under high vacuum, or depending on the pressure conditions adopted
during heating, is not trivial. In fact, it is well known that crystallization occurs via a collective atom
displacement, following the two steps of nucleation and subsequent growth. Since the phenomenon
is basically driven by the crystallization enthalpy and the free volume reduction, an in-depth
understanding of their dependence on the external pressure would be needed to fully comprehend the
differences observed when the TANs amorphous-to-crystalline phase transition is performed under
high vacuum (i.e., lower than 10−5 Pa). With this aim, further theoretical studies will need to be
performed to elucidate more in-depth the origin of the pressure-dependent differences we observed
and these will be presented in a separate paper.

4. Materials and Methods

A Ti foil was used as a working electrode for the anodic growth of TiO2 nanotube arrays in
a two-electrode configuration. Anodic oxidation was carried out in an ethylene glycol electrolyte
containing 0.5 wt % NH4F and 2.5 vol % deionized water under a constant voltage of 60 V for 0.5 h
using a Direct current (DC) power supply. The samples were then rinsed in Deionized Water (DI-water),
dried and detached by ultra-sonication in ethanol for five minutes.

TiO2 amorphous nanotubes were studied by in situ TEM heating through two different sets of
experiments. For both the experiments, the amorphous nanotubes were dispersed in distilled water
and then drop-casted on silicon nitride based-MEMS, which also acted as the TEM heating substrate.
First, an electron diffraction imaging was conducted on nanotubes aggregates using a Tecnai TEM by
FEI (Hillsboro, OR, USA), equipped with a lanthanum exaboride thermionic electron source, a twin
objective lens and a Orius CCD camera by Gatan (Pleasanton, CA, USA). This microscope worked at
an acceleration voltage of 120 kV. In this case the in situ heating (5 ◦C·min−1) was performed in the
RT-to-800 ◦C thermal range in order to assess the crystallization temperature. Second, the HRTEM
imaging was performed using a spherical aberration (CS) corrected Titan microscope by FEI (Hillsboro,
OR, USA), equipped with a Schottky field emission gun (FEG), a CEOS spherical aberration corrector
of the objective lens, a 2K × 2K CCD camera by Gatan (Pleasanton, CA, USA), and with the microscope
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working at an acceleration voltage of 300 kV. In this case the in situ heating (5 ◦C·min−1) was performed
in the 300-to-600 ◦C thermal range, after having fast reached (t < 300 s) the starting temperature
of 300 ◦C. The temperature was fast lowered to 100 ◦C for the acquisition of the HRTEM images
corresponding to each heating temperature and consequently restored before continuing the in situ
heating. Both experiments were performed using a Wildfire MEMS-based in situ heating TEM sample
holder by DENSsolutions (Delft, Netherlands). The pressure value in both the electron microscopes
was less than 10−5 Pa. A structural characterization was performed to calculate the interplanar
distances and identify crystal phases: in the case of the SAED patterns it was carried out by measuring
the point-to-point distance of diffraction rings and diffraction spots and calculating the correspondent
interplanar distances; in the case of the HRTEM images, interplanar distances and angular relationships
were more precisely obtained by two-dimensional fast Fourier transform (2D-FFT) analysis of regions
of interests.

5. Conclusions

In summary, our work showed how TAN crystallization occurs under high vacuum conditions
by in situ heating them in a TEM. When irradiated with electrons accelerated up to the energy of
120 keV, the starting temperature of crystallization was equal to 450 ◦C, while if the same in situ
heating was performed under an electron beam of 300 keV, this temperature decreased to 380 ◦C,
due to the atomic displacement suffered by the sample atoms as a consequence of the higher electron
energy, which did not affect the formation of different crystalline phases. Besides, it was also shown
with unprecedented detail how TAN crystallization occurs, starting from small brookite and rutile
crystalline seeds that then grow in size during the following further heating. A comparison with the
same phenomenon studied under standard pressure conditions highlighted two main differences:
first, the transition starting temperature was higher, and second, the crystalline phases formed were
brookite and rutile rather than anatase. Furthermore, this study opens an unprecedented opportunity
to study the TiO2 crystallization under high-vacuum conditions. This could also allow preferential
access to crystalline phases that are normally forbidden when the thermally-driven crystallization
takes place under ambient pressure conditions.
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