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Introduction

ABSTRACT

Transition metal oxide (TMO) nanomaterials possess both novel nanoeffects and
excellent semiconductor properties that make them promising materials for
electronics and photonics. Great expectations have been placed on TMO nano-
materials to deal with the global challenges in many fields, especially
portable equipment and energy issues. In the last decades, extensive research
work concentrated on the synthesis, microstructure, and macro-performance of
TMO nanomaterials. A comprehensive understanding of both growth mecha-
nism and underlying relationship between microstructure and physical prop-
erties can lead to performance enhancements of TMO nanomaterials in
electronics and photonics, which in turn enables the fabrication TMO nanos-
tructures based on anticipated design strategies. At present, TMO nanostruc-
tures do not satisfactorily meet the technical criteria for direct practical
applications in electronics and photonics. In this paper, recent developments in
synthesis, characterization, and prominent applications of TMO nanomaterials
are reviewed from a structural perspective, which serves as a stepping stone to
develop novel nanostructures with superior performances and provides a nec-
essary guidance for transformation of scientific achievements into practical
applications.

size and high performance. Particularly worth men-
tioning is the huge energy demands for massive

Electronics and photonics use electrons and photons
as main information carriers, which have always
been hot research topics with numbered applications
in people’s daily life for hundreds of years. The
thriving of portable intelligent electronic device
boosts the development of components toward mini-
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production and the consequent environmental pol-
lution [1]. A new opportunity to deal with these
enormous challenges has been provided by nano-
materials, whose small sizes and high specific surface
areas lead to their characteristic properties [2, 3]. A
wide range of nanomaterials has been fabricated for
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their applications in novel electronic and photonic
devices. For example, gold (Au) nanoparticles are
used in biosensors due to their fast response [4];
graphene is very popular in various composite sys-
tems because of its unique frame structure and
excellent conductivity [5]; metal chalcogenides pre-
sent distinctive electronic and optical properties
owing to the strong spin-orbital coupling [6]. Besides,
transition metal oxide (TMO) is considered to be one
of the most promising functional materials because of
its unique components, in which the combination of
positive metallic and negative oxygen ions exhibits
various structures and suitable physical properties
such as long-term environmental stability, wide
bandgap and optically active electronic transition.
The abundant mineral resources lay a solid founda-
tion for environmentally friendly industrialization of
TMO nanomaterials with low cost. Therefore, we
focus on the development of TMO nanomaterials
with different structures. Since the discovery of TiO,-
based dye-sensitized solar cells [7] and ZnO nano-
lasers [8], significant progress has been achieved
regarding the synthesis, structural characterization,
electronic and optical properties of TMO nanostruc-
tures, and their applications in nanodevices. Up to
now, multifarious TMO nanostructures including
quantum dots, nanoparticles, and one-dimensional
(1D) and two-dimensional (2D) nanomaterials have
been fabricated consecutively and have demon-
strated various structure-related performances. For
instance, quantum dots exhibit distinct quantum
confinement effect; nanoparticles provide specific
exposed surfaces which have different sensitivity to
external stimuli; 1D and 2D nanomaterials demon-
strate the ultrahigh carrier mobility by confining the
migratory direction of charge carriers.

Promising application potentials of TMO nano-
materials are presented in photodetection, gas sens-
ing, light emission, energy storage, and photocurrent
generation [9-11]. Figure 1 shows the evolution of the
yearly publications for several representative TMO
nanostructures and their applications. It can be seen
from Fig. la that the research about TMO nanos-
tructures increases yearly, especially for ZnO. More
attention has been paid on the applications of TMO
nanostructures in electronic and photonic devices in
the past 5 years, as shown in Fig. 1b. However, the
application of TMO-based devices in practice is still
far away, limited by controllable preparation tech-
niques and deep understanding of growth
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mechanisms involved in the synthesis of TMO
nanomaterials. Thus, there are still many scientific
challenges to overcome for exploiting the outstanding
performances of TMO nanomaterials.

Our article will specifically focus on the fabrication
techniques employed to synthesize TMO com-
pounds, their structural characterization at an atomic
scale, and their growth mechanisms. Recent applica-
tion developments of TMO nanomaterials will be
then reviewed for implementation in photoelectric
devices, energy harvest and storage, and the devel-
opment of ecological products.

Fabrication of TMO nanostructures

The physical properties of TMO materials are
strongly connected with their morphology. This
motivates the development of various preparation
techniques, which can drastically affect both the
dimensions and the nature of nanomaterials. To
achieve the goals of manufacturing nanostructures
based on anticipated design strategies economically,
it is essential to investigate their growth mechanism.
A comprehensive understanding will offer the
intrinsic guidance at an atomic or molecular scale for
monitoring and optimizing their fabrication. Such
investigations require the aid of transmission electron
microscopy (TEM), which is suitable for the
microstructural characterization. This powerful
experimental technique provides information
regarding the overall particle size, morphology and
inner atomic structure of TMO nanomaterials, which
is crucial for the optimization of their synthesis pro-
cess. In this section, we present the commonly used
synthetic methods and associated growth mecha-
nisms for various TMO nanostructures with different
dimensions.

0D nanostructures (nanoparticles)

Zero-dimensional (0D) nanostructures are usually
related to particles with diameters of a few
nanometers, which can provide specific exposed
surfaces. Until now, nanoparticles with different
morphologies of sphere, cube, octahedron, dodeca-
hedron, and so on have been synthesized by various
preparation methods. Among numerous techniques,
hydrothermal synthesis and electrochemical deposi-
tion are most widely used. Hydrothermal synthesis is
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Figure 1 Research focus of a representative TMO nanomaterials and b their applications in the past 5 years.

suitable for preparation of most TMO nanostructures
[12-15]. Massive alternative surfactants make it pos-
sible to boom the morphologies of TMO nanostruc-
tures. Recently, our group has successfully
synthesized SnO, nanostructures with different
morphologies including hierarchical nanorods, nan-
ododecahedra, and nanoparticles using different
surfactants in one-step hydrothermal process [16].
Hierarchical nanorods are obtained by adding NaOH
aqueous solution into tin (Sn)-based solution, while
hierarchical nanododecahedra and nanoparticles are
produced by adding organic surfactants of sodium
alginate or benzimidazole. Figure 2 shows typical
TEM images of hierarchical SnO, nanorods, nan-
ododecahedra, and nanoparticles, including bright-
field (BF) image, selected-area electron diffraction
(SAED) pattern and high-resolution TEM (HRTEM)
image. From Fig. 2, it can be seen that the hierarchical
nanododecahedra and nanoparticles are much smal-
ler than nanorods, indicating that addition of organic
surfactants can reduce the particle size and tailor
exposed surfaces. Nevertheless, the growth mecha-
nism for hydrothermal synthesis remains to be com-
prehensively understood due to the complex and
volatile additives.

Electrochemical deposition is an effective method
to tailor TMO nanostructures by adjusting experi-
mental conditions. Using this method, Choi et al.
[17, 18] have achieved a series of morphology trans-
formation of Cu,O crystals. Scanning electron
microscope (SEM) images in Fig. 3 show the trans-
formation of cubic CuyO crystals. A basic crystal
shape is determined by two growth processes, habit
formation, and branching growth. Crystal habit is
determined by the relative order of surface energies
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of different crystallographic planes of a crystal, and
branching growth is created by a diffusion effect. The
capping agents (molecules or ions) during the growth
of nanoparticles can be used to tailor the ratio
between the growth rates along the < 100 > and
< 111 > directions to selectively control the forma-
tion of exposed surfaces. The results obtained by
Choi et al. [17, 18] have demonstrated that the
methodical and simultaneous tuning of the habit and
the degree of branching of Cu,O crystals can be
realized by manipulating the key conditions that
control shape-guiding processes.

Based on the mechanism mentioned above, our
group [19] synthesized uniform Cu,O nanooctahedra
on aluminum (Al) foils by electrochemical deposi-
tion. TEM investigation in Fig. 4 illustrates that the
growth direction of Cu,O nanocrystal is along
< 001 >. On this basis, a facile electrodeless deposi-
tion method [20] was developed for the preparation
of CuO nanooctahedra by immersing metal sub-
strate into a basic solution consisting of CuSO,4 and
lactic acid. The formation mechanism of Cu,O
nanooctahedra is proposed in Fig. 5, in which the
synergistic effects of the reduction of Cu®* by metal
substrates and surface selective adsorption of lactic
acid play a critical role.

1D nanostructures

One-dimensional nanostructures have diverse forms
such as nanowires (NWs), nanotubes, nanobelts, and
nanofibers [21-24]. Enormous effort has been made to
synthesize 1D TMO nanostructures. Based on differ-
ent growing environments, these synthetic methods
can be divided into two categories: vapor-phase
growth and liquid-phase growth. As suggested by
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Figure 2 Typical BF TEM
images of a hierarchical
nanorods, ¢ nanododecahedra,
and e nanoparticles. Insets are
corresponding SAED patterns.
Typical HRTEM images of

b hierarchical nanorods,

d nanododecahedra, and

f nanoparticles. Reprinted with
permission from ref. [16].
Copyright 2016 Elsevier.

the names, 1D nanostructures are fabricated in
atmosphere (usually in oxygen) for vapor-phase
growth and in solution for liquid-phase growth sys-
tem. Massive 1D TMO nanostructures can be syn-
thesized by either vapor-phase growth or liquid-
phase growth technique. Vapor-phase growth tech-
nique has stringent requirements on reaction tem-
perature and experimental equipment, whereas
liquid-phase growth technique at moderate temper-
ature helps to reduce costs and simplify experimental
operations.
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Vapor-phase growth

Vapor-phase growth techniques include direct
physical deposition and chemical deposition. Physi-
cal vapor deposition (PVD) is one of the most
important physical deposition techniques, in which
the surface atoms of bulk TMO sublimate into TMO
vapor, and subsequently the TMO vapor condenses
into 1D TMO nanostructures on substrates. More-
over, 1D TMO nanostructures can be easily synthe-
sized wusing chemical deposition techniques.
Chemical vapor deposition (CVD) techniques are
widely applied in the semiconductor industry
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Figure 3 SEM images showing the transformation of cubic Cu,O crystals. Top: view along the < 111 > direction; Bottom: < 100 > di-
rection. Scale bar = 1 um. Reprinted with permission from ref. [17]. Copyright 2006 American Chemical Society.

[001]

Figure 4 TEM images of individual Cu,O octahedron viewed from a the top and b the side. ¢ Typical HRTEM image of the region
enclosed by a square in b. d Corresponding SAED pattern. Reprinted with permission from ref. [19]. Copyright 2012 Hindawi.

because of their advantages over PVD techniques. rates provide favorable formation conditions for
Essential chemical reactions and dissociations of resultant compounds on the substrates. As one of
reactive gases and volatile precursors occurring in ~ conventional techniques for synthesizing 1D TMO

CVD process at different pressures with specific flow nanocrystals, the CVD process mainly involves
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Figure 5 Schematic diagram
for the formation mechanism
of Cu,O nanooctahedra.
Reprinted with permission
from ref. [20]. Copyright 2013
Elsevier.

Q) curomy”

traditional vapor-liquid-solid (VLS) growth with
assistance of metal catalysts.

The VLS growth mechanism was first proposed by
Wagner et al. [25] for the growth of silicon (Si) single
crystals in 1964 and then extended to 1D nanostruc-
tures. The most apparent feature of the VLS growth is
the concretionary eutectic alloy particles on the top of
1D nanostructures, which can be directly identified
by TEM observations. Figure 6 shows typical TEM
and HRTEM images of TMO NWs formed through
VLS mechanism [26-28]. The VLS growth has the
advantages that the products can be predicted by
phase diagram and the sizes and shapes of formed
1D nanostructures can be controlled by selecting the
metal catalysts. Moreover, the fabrication of nanoar-
rays with certain patterns can be achieved by
arranging the metal particles in advance. However,
for the materials with very high melting points (such
as Fe, 1540 °C), the traditional VLS growth seems not
to be applicable. Composite catalysts were developed
to resolve this issue. For instance, Tang et al. [29]
reported a combined method to synthesize GayO3
NWs by heating Ga with SiO, and Fe;O;. In this
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method, the metallic catalyst (Fe) and assistant cata-
lyst (Si) are produced by the reactions between Ga
and related oxides. Si can effectively reduce the
melting point of catalysts, and the liquid eutectic
alloys for initiating the VLS growth can form at the
reaction temperature (950 °C) which is much lower
than the melting point of Fe. Similar methods have
been adopted to synthesize other metal oxide NWs
such as MgO [30], SnO, [31], and In,O; [32, 33].

@0 @c

Liquid-phase growth

Massive nanoarrays composed of 1D NWs have been
fabricated by liquid-phase growth techniques, i.e.,
template-based synthesis [34]. In the template-based
synthetic process, 1D nanostructures are growing in
templates within confined space. For instance,
hexagonally ordered porous anodic aluminum oxide
(AAO) membranes [35] contain cylindrical pores of
uniform diameters ranging from ~ 10 to 200 nm.
These pores provide the porous channels for the
growth of 1D nanostructures. The diameter and
length of NWs depend on the pore diameter and the

Figure 6 a Typical TEM image of VLS growth In,O; nanowire
(NW), reprinted with permission from ref. [26]. Copyright 2012
The Royal Society of Chemistry. b HRTEM image of TiO, NW,

reprinted with permission from ref. [27]. Copyright 2012 Amer-
ican Chemical Society. ¢ HRTEM image of Ga,O; NW. Reprinted
with permission from ref. [28]. Copyright 2016 Elsevier.
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thickness of applied AAO templates. The preparation
methods based on template synthesis mainly involve
electrochemical deposition [36] and sol-gel deposi-
tion [37]. Xu et al. [38] synthesized highly ordered 3D
Ni-TiO, core-shell nanopillar arrays consisting of
anatase TiO, outer layer and Ni nanopillar current-
collecting arrays by combining the nanoimprinted
AAO template technique and atomic layer deposi-
tion. Figure 7 shows typical SEM images of AAO
template, Ni nanopillar arrays, and 3D Ni-TiO, core-
shell nanoarrays. Firstly, a thick layer of Ni was
electrochemically deposited on top of the AAO tem-
plate as current-carrying substrate. Subsequently, 3D
Ni nanopillar arrays were electrochemically depos-
ited in Watt’s bath as electrolyte. The 3D Ni-TiO,
core-shell nanoarrays were fabricated by depositing
a 40-nm-thick layer of TiO, on the surface of as-pre-
pared Ni nanopillar arrays. Finally, the AAO tem-
plate was removed in a 5 wt% HzPO, solution at
30 °C. The sol-gel method, which involves the evo-
lution of integrated inorganic networks through col-
loidal solutions and gelatinized colloidal solutions in
liquid phases, is widely used to synthesize 1D TMO
nanostructures [39]. The gelatinized colloidal solu-
tions are incorporated into the pores of AAO tem-
plates. After drying and heating, the anticipated NWs
can be obtained in AAO templates. Recently, sol-gel
template methods are used to prepare various mul-
tipartite [40] and composite [41] 1D TMO nanos-
tructures. For instance, cobalt ferrite (CoFe,O,) NWs
have been successfully synthesized by a sol-gel route

J Mater Sci (2018) 53:4334-4359

using AAO template [40]. Pirouzfar et al. [42] opti-
mized the parameters of calcination temperature and
pH value to prevent the autocombustion of the gel
which could cause cracks in the NWs.

Apart from the above methods, thermal oxidation
is another facile technique to fabricate 1D TMO
nanomaterials. Yuan et al. have synthesized CuO
[43], ZnO [44], and Fe,O5 [45] NWs by thermal oxi-
dation method and proposed a stress-driven growth
mechanism for these NWs. In the stress-driven
mechanism, the formation of TMO NW is stimulated
by compressive stress generated by the volume
change accompanying the interfacial reaction during
layered oxide growth. Cai et al. [46] reported the
detailed microstructural investigation of Fe;O3; NWs
using HRTEM. They observed three different mor-
phologies, namely single-crystalline, bicrystalline,
and tricrystalline NWs. Bicrystalline and tricrys-
talline wires were demonstrated to result from coa-
lescence of single NWs during the growth process.
Specially, a modulated structure is observed in the
single-crystalline Fe,O; NWs, as shown in Fig. 8.
Based on the HRTEM observations, they proposed a
formation process of the modulated structures in
single-crystalline NWs, as shown in Fig. 9. During
the growth process, shear stress is produced inside
the Fe;O3; NWs because of the compressive stress as
mentioned above. As the shear stress becomes larger
and larger, stacking faults will form and the period-
ical appearance of stacking faults leads to the mod-
ulated structures in the single-crystalline Fe,O; NWs.

o

i(c

Figure 7 SEM images of the AAO template (a, d), Ni nanopillar arrays (b, e), and 3D Ni-TiO, core-shell nanoarrays (c, f). Insets in

e and f are the corresponding top-view images. Reprinted with permission from ref. [38]. Copyright 2015 American Chemical Society.
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Figure 8 a TEM image and b SAED pattern of single-crystalline Fe,O; NW. ¢ HRTEM image corresponding to the square region marked
in a. d Magnified HRTEM image of c¢. Reprinted with permission from ref. [46]. Copyright 2012 Springer.

Figure 9 Schematic
illustration of the formation
process for the modulated
structure in single-crystalline
Fe,O; NW. Reprinted with
permission from ref. [46].
Copyright 2012 Springer.

2D nanostructures

Two-dimensional nanostructures with nanoscale
thickness and infinite planar dimensions possess
unique electronic and optical attributes. Many
advanced techniques are developed to fabricate 2D
nanostructures. Magnetron sputtering [47-49] is a
routine preparation method for high-quality 2D TMO
nanostructures such as nanofilms and superlattices.

- Q- Fe203 nanowire
o-Fe,O, grain

Fe,O,layer Fe,O,layer
Fe,O, layer Fe,O, layer
600°C
O2
FeO layer FeO layer

By the bombardment of energetic ions generated in
glow-discharge plasma, the surface atoms or mole-
cules of target are detached from bulk materials and
deposited onto substrates to form 2D nanofilms. In
the magnetron sputtering system, the ion current
delivered to the growing film depends on the
strength and design of the magnetic array in the
magnetron. This technique allows the ion current to
be controlled and optimized at all stages of the
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deposition process. Furthermore, pulsed laser depo-
sition is a new technique to prepare multiple TMO
films. The target materials are melted under the high-
power pulsed laser beam which can produce
immense heat and lead to a high temperature. Then
the nanofilms are fabricated by deposition of the
products of melted raw materials including plasma,
ions, atoms, and molecules.

So far, three different growth modes have been
reported for the TMO epitaxial films, which include a
layer-by-layer growth [50, 51], an island growth
[52-55] and a layer by layer plus an island growth
[56-60]. The growth mode is greatly influenced by
interfacial energy generated during the growth pro-
cess of epitaxial films. If the growing layer is thinner
than a critical thickness, the strain generated by lat-
tice mismatch is elastically accommodated within the
growth layer, and a coherent interface will eventually
be produced. If the film thickness exceeds the critical
thickness, the introduction of misfit dislocations is
energetically favored and the strain will be partially
relieved to form a semicoherent interface [61, 62].

Cai et al. [63] observed two different growth modes
for epitaxial manganite films, as shown in Fig. 10, an
island growth mode for Big4CagsMnO; (BCMO)
epitaxial films and a layer-by-layer growth mode for
Lag ¢7Cap 33MnO3; (LCMO) epitaxial films. To explain
the formation mechanism of perovskite manganite
films, they proposed an atomic collapse model based

Figure 10 TEM and atomic
force microscope (AFM)
images for BCMO/STO (a,
b) and LCMO/STO (c,

d) epitaxial films. Reprinted
with permission from ref. [63].
Copyright 2013 The American
Ceramic Society.

@ Springer

J Mater Sci (2018) 53:4334-4359

on the critical thickness theory. Figure 11 shows the
schematic diagrams of the atomic collapse model.
When the film is thinner than the critical thickness,
the strain caused by the lattice mismatch can be
accommodated by elastic deformation. The interface
between the epitaxial film and the substrate is
coherent without dislocations. When the film grows
up to the critical thickness, the strain can no longer be
accommodated by elastic deformation. And then
misfit dislocations form to relax the strain. Mean-
while, the atoms begin to collapse at the central
location of the misfit lattices, leading to the formation
of collapse morphology as an island. Maintenance of
the collapse morphology depends on the surface
atomic diffusion length. That is to say, if the atomic
diffusion length is long enough for the surface atoms
to diffuse to the lower energy places, the collapse
morphology will coalesce and disappear eventually.
However, if the atomic diffusion length is short, the
collapse morphology will preserve. The proposed
atomic collapse model can shed light on the growth
modes for other TMO epitaxial films. The observed
layer-by-layer growth mode for LCMO on NdGaOs
[64] and granular-like surface features of LCMO on
LaAlOs [65] are consistent with the predictions of the
atomic collapse model.

20.0 nm
10.0 i

0.0 nm

1.65 nm

0.00 nm
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Figure 11 Schematic (a)

diagrams for the atomic

collapse model. Reprinted ‘ l l
with permission from ref. [63].

Copyright 2013 The American

Ceramic Society.

Applications of various TMO
nanostructures in electronic and photonic
devices

Various TMO nanostructures have a wide range of
applications in nanoelectronic and photonic devices
because of their unique structural properties. For
example, 1D morphology is suitable for the fabrica-
tion of building blocks because the unrestricted
length scale allows them to contact the macroscopic
world for many physical measurements [66]. Two-
dimensional nanostructures with atomic or molecular
thickness and infinite planar dimensions possess
extraordinary electronic properties [67]. Zero-di-
mensional nanoparticles have the advantages of
exposing particular surfaces with high activity and
large specific surface area. In this section, we present
the latest achievements of TMO nanostructure-based
electronic and photonic devices.

Photodetectors

Photodetector, which converts light into electricity,
has been widely used as binary switching in nan-
odevices such as field-effect transistors [68], single-
electron transistors [69], and intermolecular crossed
junctions [70]. TMO nanostructures have been
demonstrated with exciting possibilities for use in
optoelectronic circuits, especially for 1D nanostruc-
tures with excellent sensitivity, superior quantum
efficiency, and fast response speed. A comprehensive
review on 1D nanostructure photodetectors was
published in 2009, in which the performances of
single-phase TMO-based detectors were well sum-
marized [71]. Thus, in this section, we focus on the
most recent development of binary and ternary oxi-
des such as ZnS-ZnO [72], CuO-TiO, [73], and In,_
Ge,O7 [74]. Fang et al. [72] successfully synthesized
side-to-side  single-crystalline ZnS-ZnO biaxial

4343

@ substrate atom

@ epitaxial film atom

nanobelts by using a facile thermal evaporation pro-
cess. Figure 12 shows an individual ZnS-ZnO nano-
belt-based photodetector built via a lithography-
based process, as well as its photoelectric properties
used as ultraviolet (UV) light sensors. It can be seen
that the as-fabricated UV light sensor possesses a
high responsivity to light with a wavelength below
400 nm and a fast response speed. The enhanced
performance of ZnS-ZnO biaxial nanobelt was
ascribed to suitable band energy alignment of ZnS
and ZnO, where a type-Il heterojunction was pro-
duced at the interface of ZnS and ZnO phases. The
existence of such heterojunction facilitates the for-
mation of a charge transfer state and the spatial
separation of the photo-excited carriers within the
individual structure.

Ternary oxides are reported to exhibit better
properties than binary oxides for applications in
electronics and gas sensors. For the ternary oxides,
the ratio of components can be adjusted to tune their
physical and chemical properties, which may provide
more potential applications [75]. Li et al. [74] syn-
thesized single-crystalline In,Ge,O7 nanobelts using a
vapor transport process. The outstanding perfor-
mance of the as-assembled photodetector has been
demonstrated in terms of high sensitivity and selec-
tivity toward deep UV light. As shown in Fig. 13, the
device exhibits high responsivity to deep UV light
and possesses a large photocurrent under illumina-
tion by 230 nm light as well as reproducible pho-
toresponse characteristics.

Energy-harvesting devices
Solar cells

The recent developments of advanced photovoltaic
devices mainly focus on two innovative approaches,
photoelectrochemical solar cells, and dye-sensitized

@ Springer
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solar cells. Dye-sensitized solar cells developed by
Gratzel [7] have attracted considerable attention since
1991, which are the most interesting alternatives to
conventional solid-state semiconductor solar cells. A
typical dye-sensitized solar cell is composed of a
mesoporous TiO, nanostructured thin film on a
transparent conducting oxide (TCO) substrate, whose

@ Springer

surface is covered with a monolayer of dye mole-
cules, a redox-couple electrolyte and a platinized
fluorine-doped tin oxide glass as a counter electrode.
The anode reaction is simply the reverse of the
cathode reaction and the absorbed photons are
transformed into electrons. Many transition metal
oxides such as TiO,, SnO,, ZnO, WO;3;, and Fe,O;
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have been investigated as possible visible-light-ab-
sorbing photoanodes [76-81]. TiO, nanomaterials are
one of the most widely used semiconductors as a
support for dye molecules to harvest sunlight in the
electrodes of dye-sensitized solar cells.

To date, the common photoelectrochemical archi-
tecture is a several-micron-thick film composed of
TiO, nanoparticles on TCO substrate. However, the
electron diffusion coefficient of these nanoparticulate
films is several orders of magnitude smaller than the
value in single-crystalline bulk TiO,, presumably due
to electron traps at the contacts between nanoparti-
cles [82]. It has been demonstrated that 1D crystalline
NW arrays can be used to construct photoelectrodes
and improve charge collection efficiency by promot-
ing charge transport and ion diffusion at the semi-
conductor—electrolyte interface [83]. Grim et al. [84]
synthesized TiO, NW arrays on TCO-coated glass
substrates by a low-temperature nonpolar solvent/
hydrophilic substrate interface hydrolysis reaction.
They fabricated dye-sensitized solar cells using TiO,
NW arrays, which achieved an encouraging photo-
conversion efficiency of 4.35% with an open-circuit
voltage of 0.758 V, a short-circuit current density of
10.2 mA cm_2, and a fill factor of 0.56. They further
modified the TiO, NW arrays by coating an overlayer
of Nb,Os, which can reduce recombination and
improve the efficiency. The overall photoconversion
efficiency increases to 5.02% with an open-circuit
voltage of 0.744 V. The corresponding short-circuit
current density and fill factor are enhanced to
10.84 mA cm™? and 0.62, respectively. For many
years, TMO materials were successfully applied as
photoanodes, yielding an overall conversion effi-
ciency more than 11% [85]. Recently, the conversion
efficiency has set a new record value exceeding 14%
by using porphyrin dye molecule together with
cobalt-based redox-couple electrolyte [86]. Figure 14
shows the schematic diagram of the operation prin-
ciple for the dye-sensitized solar cells and the corre-
sponding J-V curve of solar cell under the
illumination of simulated sunlight. The maximum
photovoltage obtained in the dye-sensitized solar cell
is attributed to the energy gap between the quasi-
Fermi level of the TiO, and the redox potential of the
electrolyte. The efficiency of dye-sensitized solar cells
can be improved by increasing the photovoltage
using an electrolyte with a quite low redox potential.
The optimized cobalt (III/II) complex redox elec-
trolytes were used in the fabrication of the cells. The

4345

observed high conversion efficiency (over 14%)
indicates that this dye-sensitized solar cell has a huge
potential to be used as light-to-electric energy con-
version devices.

Nanogenerators

As the electronics is developed to be more and more
miniaturized and portable, the number of small-sized
personality electronic devices, i.e., smart cell phones
and watches, is growing drastically. The large-scale
distribution makes it impractical to power all
portable electronics by batteries considering the
inconceivable enormous environmental damage.
Therefore, nanogenerators emerge as a new field of
nanoenergy to offer a possible solution for the sus-
tainable self-sufficient micro-/nanopower sources by
harvesting energy from the environment. Since it was
first reported in 2006 [87] that an electric voltage/
current was generated as an AFM tip swept across a
vertically grown ZnO NW, various ZnO-based
nanogenerators have been developed to generate
electricity using piezoelectric and pyroelectric effects.
The piezoelectric and pyroelectric effects can be used
to harvest mechanical energy and thermal energy,
respectively. For piezoelectric nanogenerator, the
working mechanism is the coupling between the
piezoelectric and semiconducting properties of ZnO
NWs. The fundamental principle of electricity gen-
eration is that a piezoelectric potential forms when
the central symmetry in the crystal structure is bro-
ken under an external force. Interestingly, the
obtained pyroelectric response is associated with the
piezoelectric properties of ZnO. In pyroelectric
nanogenerator, the charges are produced by the
strain-induced anisotropic thermal expansion, which
is described as a secondary pyroelectric effect. The
thermal deformation can induce a piezoelectric
potential difference across the material, which can
drive the electrons to flow in the external circuit.
One-dimensional ZnO nanostructures are attract-
ing substantial attention because the NWs can be
triggered by tiny physical motions to obtain obvious
excitation frequency with a few Hz to multiple MHz,
which is ideal for harvesting random energy in the
environment. Up to now, ZnO structures in piezo-
electric nanogenerators have evolved from a single
NW and NW array and then to nanofiber. The power
output has been directed along a rapidly ascending
path from 9 mV to 37 V [88]. Recently, Hu et al. [89]
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reported an alternating-current piezoelectric nano-
generator based on vertical ZnO NW arrays. The
most striking spot is that a thin layer of poly(methyl
methacrylate) (PMMA) was coated on top of the ZnO
nanoarrays to serve as an insulating layer and then
coated with a metal electrode, as shown in Fig. 15.
The thin layer of PMMA between the NWs and the
metal electrodes is a key design that contributes to
the superior performance. The insulating PMMA
layer provides an infinitely high potential barrier,
preventing electrons from transporting through the
ZnO/metal interface. Furthermore, the PMMA infil-
trates into the gap between the ZnO NWs, which
helps to transmit the applied stress to all ZnO NWs
through the PMMA layer. Therefore, the efficiency of
the nanogenerator is greatly enhanced. In addition, it
serves as a buffer layer to protect NWs from intimate
mechanical interaction with the electrode, thus
improving the robustness/durability.

Considering that mechanical and thermal energies
are widely available in people’s living environment,
Wang's group firstly proposed a hybrid cell design
which can harvest multiple types of energy
Figure 15 a Fabrication of (a)
the piezoelectric |
nanogenerator. The lower right
parts are photos of a fabricated
nanogenerator after packaging.

PMMA
c-axis

b Cross-section SEM image of ~ Output

the as-grown ZnO nanoarrays R !

on the substrate. Reprinted v H'”H“H
with permission from ref. [§9]. |

Copyright 2011 American
Chemical Society.
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simultaneously to fully utilize the surrounding
energy [90]. They integrated a dye-sensitized solar
cell and a piezoelectric nanogenerator on the two
sides of a common substrate and demonstrated the
first hybrid cell for concurrently harvesting solar and
mechanical energy. After that, Yang et al. [91]
demonstrated a flexible hybrid cell in Fig. 16a, b
consisting of a pyroelectric nanogenerator, a piezo-
electric nanogenerator, and a solar cell to simultane-
ously scavenge solar, mechanical and thermal energy.
Moreover, the hybrid energy can also be stored in a
lithium-ion battery, which can be described as a self-
charging power cell [92]. This technology greatly
improves the flexibility of energy consumption, so
that we can utilize energy to drive electronic devices/
systems at any power rate and at any place. The self-
charging power cell in Fig. 16c, d is realized by
replacing the polyethylene separator used in con-
ventional lithium-ion batteries with a piezoelectric
poly(vinylidene fluoride) film, which integrates the
characteristics of both piezoelectric and the electro-
chemical properties.
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Figure 16 a, b Flexible
hybrid energy cell is
implemented for
simultaneously harvesting
thermal, mechanical, and solar
energy. Reprinted with
permission from ref. [91].
Copyright 2013 American
Chemical Society. ¢ Schematic
diagram of a self-charging
power cell (SCPC). d Sticking
a power cell on the bottom of a
shoe, the compressive energy
generated by walking can be
converted and stored directly
by SCPC. Reprinted with
permission from ref. [92].
Copyright 2012 American
Chemical Society.
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Energy-storage devices

Energy storage is another equally important tech-
nology for energy science besides energy harvesting
to generate electricity. The increasing need for cost-
effective and environmentally friendly energy for the
world’s growing population has inspired intensive
research for efficient energy-storage systems. Most
studies have focused on lithium-ion batteries and
supercapacitors. Lithium-ion batteries with high
energy density and steady discharge rates have been
widely used in daily life such as the powers of
computers, mobile phones, watches and toys.
Supercapacitor is an attractive energy-storage device
due to its high power density (10 kW kg™"), fast
charge/discharge rate and long cycle life (> 10* cy-
cles) [93]. The major requirements of a storage device
are high energy, high power density, and fast avail-
ability, meaning that the electrode materials should
possess high specific capacity and surface area. TMO
nanostructures combine the high specific capacity of
TMO with high specific area of nanostructures, which
are expected to meet the requirements of future
energy-storage systems.

Lithium-ion batteries

Rechargeable lithium-ion batteries are based on
electrode reactions using classical intercalation reac-
tions for which Li* ions are inserted (or extracted)
from an open host structure with a concomitant
addition (or removal) of electrons. Compared with
conventional carbon-based anode materials (e.g.,
graphite), TMO exhibits larger theoretical capacities,
which prompts intensive research for use of TMO as
anode electrode [94-98]. For instance, the high theo-
retical capacity (890 mAh g~") of Co30, is more than
two times larger than that of graphite (372 mAh g™ ).
In spite of the high theoretical capacity, TMO
nanostructures fall short of satisfying needs for sev-
ere mechanical strains and rapid capacity decay
because of large volume variation during Li* ions
insertion/extraction processes [99]. Li et al. [100]
fabricated Co0sz0O; nanotubes, nanorods, and
nanoparticles and systematically investigated the
corresponding  electrochemical performances as
anode materials. For three Co;O4 nanostructures, the
discharge capacity decreased dramatically with
increasing cycles. After 100 cycles, the capacities
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dropped to 552 ~ 58.8% of the initial capacity. In
addition, a common shortage of TMO materials for
electrode is their unfavorable conductivity [101]. A
variety of appealing strategies of structural modifi-
cation have been utilized to solve these
intractable problems such as the use of carbon-based
nanocomposites. Wu et al. [102] anchored Co3;O4
nanoparticles on conducting graphene as an anode
material for lithium-ion battery. The electrochemical
performance of the as-prepared Co;O./graphene
composite is evaluated by galvanostatic charge/dis-
charge cycling at a current density of 50 mA g~ .
From Fig. 17, it can be seen that the CozO,/graphene
composite exhibits superior lithium-ion battery per-
formance than graphene or CozOs. The reversible
capacity of the CozO4/graphene composite is much
better than those reported previously, such as unique
Co0304 nanostructures and carbon nanofiber/Co3z0y4
composites [103, 104]. Graphene framework is
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Figure 17 Electrochemical performance of the as-prepared Cos;.
O4/graphene composite. Galvanostatic charge—discharge curves of
a graphene, b Co304, and ¢ Co30,/graphene composite. d Cycling
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expansion/contraction and aggregation of Co304
during the lithium charge/discharge process. The
maximum utilization of electrochemically active
Co30,4 and graphene is achieved by anchoring Co;04
nanoparticles on the graphene sheets.

Afterward, much effort has been devoted to
developing new electrode materials to replace toxic
and expensive Co-containing materials. CuO has
been explored as one of the promising anode mate-
rials for lithium-ion batteries due to its high theoret-
ical capacity, high safety, environmental benignity
and low cost. The CuO/graphene nanocomposites
synthesized by Wang et al. [105] exhibit remarkably
enhanced electrochemical and cycling performances
compared with pure CuO urchin-like structures, as
anode materials in lithium-ion batteries. During the
100 discharge—charge cycles under a current density
of 65 mA g~!, the CuO/graphene electrode can sta-
bly deliver a reversible capacity of 600 mAh g~
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performance of graphene, Co;04 and the Co;0./graphene com-
posite. Reprinted with permission from ref. [102]. Copyright 2010
American Chemical Society.
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Recently, hybrid TMO anode materials have been
developed to improve the energy density, safety and
life cycle of lithium-ion batteries. The combination of
different TMO materials can inspire a high capacity
which may be close to the theoretical capacity. For
instance, TiO,@a-Fe;O5 core/shell arrays on carbon
textiles fabricated by Luo et al. [106] demonstrate a
high discharge capacity of 480 mAh g~ ! that is equal
to 93% of the theoretical capacity (517.3 mAh g~'). In
addition, SnO, (790 mAh g*l) and  Fe,Os3
(1007 mAh g~ ') have been proved to be possible
candidates for anode materials because of their high
theoretical capacity. SnO,/Fe,O3; hybrid nanomate-
rials with different morphologies are fabricated,
exhibiting high reversible capacities. Figure 18a
shows a branched nanoheterostructure composed of
SnO, NW stem and Fe,O; nanorod branches syn-
thesized by Zhou et al. [107]. The branched Fe,O3;/
SnO, nanoheterostructures show a remarkably
improved initial discharge capacity of 1167 mAh g™!
and exhibit a poor cycling performance with an initial
irreversible loss of 30.6%, as shown in Fig. 18b.
Moreover, Zeng et al. [108] fabricated a Fe;O5;/5nO,
composite nanotube array (shown in Fig. 19) for the
anode material, which presents high and stable ca-
pacity per unit weight (~ 965 mAh g~') after 50
cycles under a current density of 0.1 mA cm 2
(~ 1327 mA g '). In general, the electrochemical
properties of hybrid TMO are much better than
monophase TMO materials, as shown in Table 1.
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Supercapacitors

The outstanding energy-storage properties of super-
capacitors make them suitable for applications in the
fields of future consumer electronics and hybrid
electric vehicles. According to the charge storage
mechanism, supercapacitors can be classified into
two kinds: electrical double-layer capacitors and
Faradic pseudocapacitors. Carbon-based electrode
materials in electrochemical double-layer capacitors,
such as graphene, activated carbon and carbon
aerogel, store charges by a physical adsorption pro-
cess at the electrode/electrolyte interface [109]. TMO
and conducting polymers are usually used in pseu-
docapacitors to build up charge storage by fast and
reversible surfaces or near-surface reactions [110].
Compared with carbon-based materials, TMO in
pseudocapacitors provides higher specific capaci-
tance but have rather poor conductivity. Among the
transition metal oxides, MnO, is a very promising
material for usage in supercapacitors because of its
high theoretical specific capacitance (1233 F g~') and
environmentally friendly characteristics [111]. As
significant implications of specific surface area for
charge storage ability [112], extensive endeavors are
aimed at increasing the surface area of TMO elec-
trode materials. To improve the pseudocapacitive
properties of MnO,, ultrafine MnO, NW networks
with a specific surface area of 120 m? g ' are syn-
thesized by a simple process of hydrothermal treat-
ment [113]. The unique materials exhibit an enhanced
specific capacitance (279 F g~!) with high rate capa-
bility and good cycling stability than ordinary MnO,
NWs (167 F g_l) [114]. Likewise, the electrochemical
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Figure 18 a SEM images of Fe,03/SnO, branched nanostructures. b Cycling performance of bare Fe,O3 nanorod arrays, SnO, NWs, and
Fe,03/Sn0O, branched nanostructures. Reprinted with permission from ref. [107]. Copyright 2011 Wiley-VCH.
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Copyright 2012 The Royal Society of Chemistry.

Table 1 Comparison of electrochemical properties between monophase and hybrid TMO

Monophase and hybrid TMO

Reversible capacity (mAh g™

Cycle number Current density (mA g™ ")

Co304 nanoparticles [102] 609
Co504/graphene 935
CNT-Co50,4 [103] 900
CNF-Co;0,4 [104] 881
CuO [105] 400
CuO/graphene 600
Fe,05 [108] 700
Sn0O,/Fe,0; nanotube array 965
TiO,@a-Fe,O3 core—shell arrays [106] 480

5 50
30 50
50 100

100 50
5 65
100 65
50 132.7
50 132.7
150 120

performance of nanoscale CuO is highly dependent
on their morphology. Dubal et al. [115-117] fabri-
cated a series of CuO nanostructures including
nanosheets, microrose-like and microwoolen-like
nanosheet clusters, and obtained specific capaci-
tances in the range of 110400 Fg~'. Porous
nanosheet-like CuO films have demonstrated to
possess a remarkably higher specific capacitance
(566.33 F ¢ ') than porous nanorod-like CuO films
(211.87 Fg~") [118]. It was pointed out that the
enhanced porosity of nanosheet-like films was
allowed for more electrolyte penetration and the
charge storage was hence increased.

In addition to the structural fabrication of electrode
materials, another effective strategy for improving
pseudocapacitive performance is to enhance elec-
tronic conductivity by combining TMO with highly
conductive materials. For example, the hybrid struc-
tures made of nanoporous Au and nanocrystalline
MnO, have exhibited a high specific capacitance of

@ Springer

the constituent MnO, (~ 1145 F gfl), which is close
to the theoretical value [119]. Considering the high
value of Au, carbon-based substrates have been
explored as an attractive candidate because of low
cost and enormous progress has been made. Sun et al.
[120] fabricated a hierarchical core-shell structure by
depositing ultrathin MnO, nanoflakes on carbon
nanotube networks (CNTs)/Ni mesh. The MnO,@-
CNTs/Ni nanostructures have given a high specific
capacitance of 1072 F g in three-electrode configu-
ration. And then a symmetric supercapacitor is
assembled using two pieces of MnO,@CNTs/Ni
electrodes and NaySO, solution as electrolyte, as
shown in Fig. 20a. The electrochemical measurement
results, as shown in Fig. 20b—d, illustrate that the as-
assembled symmetric supercapacitor exhibits wide
working voltage (2.0V), high power density
(30.2 kW kg™ 1), good stability, and long cycle life.
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Photocatalysis

Since, in 1972, Fujishima and Honda [121] firstly
developed water splitting to produce hydrogen in a
photoelectrochemical process, photocatalysis has
attracted strong research interest, and many other
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capacitances at different scan rates. e Cycling performance at
100 mV s~ ! for 1000 cycles. Reprinted with permission from ref.
[120]. Copyright 2016 Elsevier.

researchers extended it to photo-oxidation or reduc-
tion of organic and inorganic substances. In 1976,
Carey et al. [122] raised the curtain on the age of
environmental applications of semiconductor photo-
catalysis. Particularly, photodegradation of haz-
ardous chemical wastes is receiving more and more
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emphasis. More than a hundred of pollutants have
been investigated and can be destructed or trans-
formed by semiconductor photocatalysts at room
temperature. In contrast with the conventional
approaches such as high-temperature incineration,
anaerobic digestion, and conventional physicochem-
ical treatment, semiconductor photocatalysis with
low cost and easy operation has tremendous appli-
cation foreground in water and air purification.

For photocatalysts, their structure and surface
properties play an important role in the performance
of materials. For TiO,, it has three phases, namely
anatase, rutile, and brookite. Anatase and rutile TiO,
are extensively investigated because of their high
photocatalytic activity. As shown in Fig. 21, both
anatase and rutile phases are composed of bonded
TiO, octahedron units. However, they have different
distortion and arrangement of octahedron units,
which contributes to their different density and
electronic structures. Compared with anatase TiO,,
rutile TiO, has a higher atomic density and lower
bandgap, meaning that it has fewer surface active
sites and higher electron-hole recombination. It is
expected that rutile TiO, has relatively low activity
and the experimental results have verified this
hypothesis [123]. The influence of structure on per-
formance is also noticeable for other semiconductor
materials. Kato et al. [124] found three phases of
BaTa,Og, namely orthorhombic phase, hexagonal
phase and tetragonal phase with corresponding
photocatalytic activities in a descending order. In
addition, intense theoretical and experimental studies
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Figure 21 Atomic structure models of a anatase and b rutile
TiO,.
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demonstrated that the facets with different surface
atomic structures exhibit distinct abilities. Liu et al.
[125] summarized the tailored facets of TiO, crystals.
They reported that the photo-excited electrons and
holes in TiO, nanocrystals are separated on different
facets. For anatase TiO,, photocatalytic reduction
reactions mainly occur on the {101} facets, while
oxidation reactions take place on the {110} facets.
Similarly, for rutile TiO,, the {110} facets provide
active sites for photocatalytic reduction reactions, and
the {111}/{101} facets supply locations for photocat-
alytic oxidation reactions.

However, poor electrochemical performance of
TMO is one of the most serious limitations hindering
its applications in photocatalysis. Heterogeneity is an
efficient strategy for TMO semiconductors to
improve photocatalytic activities by suppressing
electrons and holes recombination and expanding
light absorption dimension. On the one hand, the
combination of wide-bandgap and narrow-bandgap
materials can help to broaden the light response
range. For instance, TiO, with a wide bandgap can
only be excited by UV light irradiation, whereas the
CdS-TiO, heterogeneous nanomaterial [126] is
responsive to the visible spectrum of the sunlight
owing to the narrow bandgap of CdS (2.5 eV). On the
other hand, the rational arrangement of band struc-
ture by designing the composition of heterogeneous
materials is also an effective strategy for improve-
ment. Recently, our group synthesized Cu,O
nanoparticles/CuO NWs hybrid structures (as
shown in Fig. 22a) by thermal reduction of CuO NWs
[127]. Compared with pure CuO, the polyhedral
CuyO/CuO hybrid nanostructures exhibit enhanced
ability to photodegrade methyl orange under visible
light, as shown in Fig. 22b, c. The density functional
theory calculations [128] suggest that the enhanced
photocatalytic performance is attributed to distinct
arrangement of Cu,O and CuO band structures for
electron transition in the heterogeneous photocat-
alytic system. Both conduction band minimum and
valence band maximum of Cu,O are higher than
those of CuO. This distinct position characteristic of
band structures for CuO and Cu,O assures that the
photogenerated electrons transfer from Cu,O to CuO
while the holes transfer from CuO to Cu,O when the
CuO/CuO system is irradiated by the visible light.
Hence, photogenerated electrons and holes can be
efficiently separated and perform their own functions
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Figure 22 a TEM image of
Cu,O/CuO hybrid
nanostructure. Photocatalytic
activities of b CuO NWs and
¢ Cu,O/CuO hybrid
nanostructures. Reprinted with

(a)

permission from ref. [127].
Copyright 2014 The Royal
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on CuO and Cu,O to produce the photoreactive
oxidant radicals, as shown in Fig. 22d.

The relationship between property and essence of
material has always been a remarkable scientific
focus for the objective of designing optimal materials
for their applications. Much effort has been devoted
to enhancing the performances of devices by
preparing various TMO nanomaterials and fabricat-
ing numerous structures. Investigations on TMO
nanomaterials are mainly carried out in two direc-
tions including the constituents and structures. The
hybridization in constituent and structure of TMO
nanomaterials has been demonstrated to be an
effective measure for performance improvement,
which dominates the developing tendency, as shown
in Fig. 23. Multicomponent TMO nanomaterials

H202+ h' —»+O0OH +H"
Cu20

H202 — 2-:0H
>

- i
OH ("m)+ n — «OH

L gV By -

afford the intricate electronic system. The combina-
tion of TMO and other semiconductors or organic
materials achieves tunable bandgap by realignment
of energy band. Moreover, the heterostructures, such
as core-shell, layer by layer, embedded structures,
and metal-organic frameworks (MOFs) [129-131],
provide the constraint conditions of electronic
motion.

Conclusions and outlook

The recent developments of TMO nanostructures
have been highlighted in the aspects of synthesis,
characterization, and prominent applications in the
fields of photoelectric devices, energy harvest and
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storage, and environment protection. The main-
stream preparation methods of TMO nanostructures
with different dimensions and the corresponding
growth mechanism are reviewed, which can guide
the strategies to fabricate premeditated nanostruc-
tures. The internal coordination of microstructure
and performance reflected by the corresponding
working principles provides guidance for the future
development of TMO nanomaterials. Although the
extensive investigations of TMO nanostructures have
been carried out, significant performance improve-
ments are still required to satisfy the versatile
demands in their practical applications. In the future,
multi-functional nanodevices will become a research
focus for next-generation optoelectronic nanodevices
and create a huge commercial potential. As one of the
key solution strategies, the utilization of hybrid
nanostructures as building blocks for nanodevices
will become a hot research field, since the complexity
of the components in hybrid nanostructures often
gives rise to unique optical and electronic properties.
An essential trend in prospective electronics is a
gradual shift from all-inorganic and Si-centered
devices toward hybrid organic-inorganic devices
such as MOFs. The crystalline nanoporous structures
of MOFs provide favorable conditions for the
assembly of complementary TMO semiconductors
and thus MOFs can be implemented as an integral
part of solid-state devices. Furthermore, the biggest
obstacle to realize practical application of TMO
nanostructures is their high cost because of the

@ Springer

sophisticated fabrication techniques. Much more
attention should be paid to how to achieve economic
industrialization of TMO-based electronic and pho-
tonic devices.
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