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Abstract: During the past decade, nanotechnology has become an active field of research because of its huge potential
for a variety of applications. When the size of many established, well-studied materials is reduced to the nanoscale,
radically improved or new surprising properties often emerge. There are mainly four types of nanostructures: zero, one,
two and three dimensional structures. Among them, one-dimensional (1D) nanostructures have been the focus of quite
extensive studies worldwide, partially because of their unique physical and chemical properties. Compared to the other
three dimensional structures, the first characteristic of 1D nanostructure is its smaller dimension structure and high
aspect ratio, which could efficiently transport electrical carriers along one controllable direction; as a consequence they
are highly suitable for moving charges in integrated nanoscale systems. The second characteristic of 1D nanostructure is
its device function, which can be exploited as device elements in many kinds of nanodevices. Indeed it is important to
note that superior physical properties including superconductivity, enhanced magnetic coercivity and the unusual
magnetic state of some 1D nanostructures have been theoretically predicted and some of them have already been
confirmed by experiments. In order to attain the potential offered by 1D nanostructures, one of the most important issues
is how to synthesize 1D nanostructures in large quantities with a convenient method. Many synthetic strategies, such as
solution or vapor-phase approaches, template-directed methods, electrospinning techniques, solvothermal syntheses,
self-assembly methods, etc., have been developed to fabricate different classes of 1D nanostructured materials,
including metals, semiconductors, functional oxides, structural ceramics, polymers and composites. All the methods can
be divided into two categories: those carried out in a gas phase (i.e., “dry processes”) and those carried out in a liquid
phase (i.e., “wet processes”). The dry processes include, for example, techniques such as chemical vapor deposition
(CVD), physical vapor deposition (PVD), pulse laser deposition (PLD), metal-organic chemical vapor deposition
(MOCVD), and molecular beam epitaxy (MBE). In general, these gas phase processes require expensive and
specialized equipments. The wet processes include sol-gel method, hydrothermal method, chemical bath deposition
(CBD) and electrodeposition. Among the above mentioned methods, electrodeposition has many advantages such as
low cost, environmentally friendly, high growth rate at relatively low temperatures and easier control of shape and size.
Generally, there are two strategies to produce the 1D nanostructures through the electrochemical process. They are the
template-assisted electrodeposition, and the template-free electrodeposition. In this chapter, we will approach the recent
progress and offer some prospects of future directions in electrodeposition of 1D nanostructures. Electrodeposition is a
simple and flexible method for the synthesis of one-dimensional (1D) nanostructures and has attracted great attention in
recent years.
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INTRODUCTION substantial resources to the development

Nanostructures:

Nanotechnology has already presented a profound
impact on global economy and society in the twenty-
first century. It plays an important role in the
development and advancement of strategic areas such
as materials engineering and manufacturing, physics
and chemistry, electronics, medicine, energy and
environment, biotechnology and information technology
(Figure 1). [1-3]. Several countries have devoted
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nanotechnology as a government strategy. In 2018, the
South Korea invested US $ 626.0 million in nanotech.
The European Union allocated an investment of US $
140.02 million in 2019 in the same segment. The
United States, despite a 5.5% reduction in investment
in nanotechnology compared to 2018, still leads
nanotechnology investments with a government budget
proposal of $ 1,395.6 million in 2019 (NNI, 2019).

In the past few vyears, one-dimensional (1D)
nanostructures, including nanowires, nanorods,
nanotubes and nanoribbons, have been intensively
studied owing to their novel physical properties and
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Figure 1: Aplication of nanotechnology. This file by Vicente Neto is licensed under the Creative Commons Attribution-Share
Alike 4.0. Link https://commons.wikimedia.org/wiki/File:Application_of nanotechnology.jpg.

fascinating potential applications in the future
nanodevices. In fact, through nanoscience, it was
noted that the size of a material is of fundamental
importance in determining its properties, probably due
to the different ways in which electrons interact in two-
dimensional (2D) and one-dimensional (1D) structures
[1-4]. The anisotropy inherent in quasi-1D and -2D
systems is central to the unique properties and phases
that these materials exhibit, although the small but
finite interactions between 1D chains or 2D layers in
bulk materials have made it difficult to address the
interesting properties expected for the pure low-
dimensional systems. Superior physical and chemical
properties including superconductivity, enhanced
magnetic coercivity and the unusual magnetic state of
some 1D nanostructures have been theoretically
predicted and some of them have already been
confirmed by experiments [5]. When the size of many
established, well-studied materials is reduced to the
nanoscale, radically improved or new surprising
properties often emerge. There are mainly four types of
nanostructures: zero, one, two and three dimension
structures. Among them, one-dimensional (1D)
nanostructures have been the focus of quite extensive
studies worldwide, partially because of their unique
physical and chemical properties. Compared to the
other three dimensional structures, one characteristic
of 1D nanostructure is its smaller dimension structure
and high aspect ratio, allowing efficiently transport
electrical carriers along one controllable direction. As a
consequence, we can imagine they are highly suitable
for moving charges in integrated nanoscale systems

[6].

Generally, there are two strategies to produce the
1D nanostructures through the electrochemical
process. One is the template-assisted
electrodeposition, where the 1D anisotropic growth is
performed by using various templates to confine the

growth space of the electrodeposits. The template-
assisted electrodeposition has been demonstrated to
be a versatile approach for the preparation of the 1D
nanostructures of numerous materials, including metals
[7]1, semiconductors [8] and conductive polymers [9].
Another strategy is the template-free electrodeposition,
where the 1D anisotropic growth is achieved by utilizing
the intrinsic anisotropic crystallographic structure of a
targeted material.

To date, several 1D nanostructures have been
obtained by the template-free electrodeposition. The
following content is a review of the recent progress
made with both the template-assisted and template-
free  electrochemical synthesis of the 1D
nanostructures and offer some prospects of the future
directions.

2. STRATEGIES FOR ACHIEVING 1D GROWTH
2.1. Template-Assisted Electrodeposition

Recently, the template-assisted fabrication of
functional nanowires has attracted considerable
attention. This is mainly owing to the possibility of
controlling the length, diameter, and density of the
fabricated nanowires by varying the template and/or
deposition parameters. In the electrochemical process,
a template is used to direct the 1D growth. The
electrodeposition occurs at the surface of the electrode
and the targeted material grows in the free space of the
template to form 1D morphologies. The template
method has been accomplished using a variety of
templates, such as polycarbonate templates (PC),
nanochannel alumina (NCA) and anodized aluminum
oxides (AAO). It has been considered that the AAO
template is an ideal template as it possesses many
desirable characteristics, including tunable pore
dimensions, good mechanical strength, thermal stability
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and ordered nanotubes at a high density (109—
10" /cm?) [10-14]. The template-assisted
electrodeposition has been successfully used to
prepare 1D nanostructures of various metals,
semiconductors and conductive polymers.

2.1.2. Templates

The templates utilized for electrodeposition include
(i) the so-called “hard” templates such as porous
membranes with 1D channel and step edges present
on the surfaces of a solid substrate and (ii) the “soft”
templates such as mesoscale structures which are self-
assembled from block copolymers, liquid crystal
materials and surfactants. The formation of
nanostructures in template-based synthesis results
from growth of nuclei that invariably nucleate at the
holes and defects of the electrode substrate.
Subsequent growth of these nuclei at the template
yields the desired surface morphology of the
nanostructures, which can therefore be synthesized by
choosing the appropriate surface of the electrode.
Highly oriented pyrolitic graphite (HOPG) has been
used extensively as an electrode substrate for the
electrodeposition of silver [15-17], gold [18],
molybdenum [19], palladium [20-22], and platinum [23]
nanostructures.

2.1.2.1. Anodic Aluminum Oxide (AAQO) Template

The protection or decoration of Al surfaces by
anodization has been used commercially since at least
1923 [24]. Self-organized “nanopore” structures in
anodic alumina films, called “alumite”, have attracted
great attention [25-27] due to their high pore density
and their potential use for masking or information
storage [28]. When the pores are filled with metals or
semiconductors in a subsequent alternating-current
reductive electrolysis, these films can be fabricated into
interesting magnetic recording, electronic, and

electrooptical devices [11-22, 29-31]. These
“nanopores” can be used as templates for forming
arrays of nanowires either embedded in alumite [32-34]
or “freed” by a subsequent chemical removal of the
alumite structure as shown in Figure 2 [35, 36].

In general, the AAO films can be formed with two
different morphologies (i.e., nonporous barrier-type
oxide films and porous-type oxide films) depending
mainly on the nature of the anodizing electrolyte [3].
Because the process was first implemented for
protection purposes, the anodization of aluminum and
its alloys, particularly porous-type anodization, has
received considerable attention in the industry due its
extensive practical applications. Many desirable
engineering properties such as excellent hardness,
corrosion and abrasion resistance can be obtained by
anodizing aluminum metals in acid electrolytes [4]. In
addition, due to their high porosity, the porous oxide
films formed on the metals serve as a good adhesion
base for electroplating, painting, and semi-permanent
decorative coloration. The anodized products can be
easily found in electronic gadgets, electrolytic
capacitors, cookware, outdoor products, plasma
equipments, vehicles, architectural materials, machine
parts, etc.

Porous AAO film grown on aluminum is composed
of a thin barrier oxide layer in conformal contact with
aluminum, and an overlying, relatively thick, porous
oxide film containing mutually parallel nanopores
extends from the barrier oxide layer to the film surface
[7]. Each cylindrical nanopore and its surrounding oxide
region constitute a hexagonal cell aligned normal to the
metal surface. Under specific electrochemical
conditions, the oxide cells self-organize into hexagonal
close-packed arrangement, forming a honeycomb-like
structure [5-7]. Pore diameter and density of self-
ordered porous AAOs are tunable in wide ranges by
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Figure 2: Fabrication procedure of silver nanorod arrays/PMMA composite (green: Al, black: PAA, gray: silver, blue: PMMA).
PMMA: polymethyl methacrylate. From Li et al, 2017. This article is distributed under the terms of the Creative Commons
Attribution 4.0 License. Link https://journals.sagepub.com/doi/full/10.1177/1847980417717543.
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properly choosing anodization conditions: pore
diameter = 10-400 nm and pore density = 10°~10"°
pores cm™. The novel and tunable structural features
of porous AAOs have been intensively exploited for
synthesizing a diverse range of nanostructured
materials in the forms of nanodots, nanowires, and
nanotubes, and also for developing functional
nanodevices. In Figure 3 is shown a nanoporous-type
oxide by electrodeposition.

2.1.2.2. Types of Anodic Aluminum Oxide (AAO)

Anodization of aluminum in aqueous electrolytes
forms anodic oxide films with two different
morphologies, that is, the nonporous barrier-type oxide
films and the porous-type oxide films. The chemical
nature of the electrolytes mainly determines the

morphology of AAOs [37, 38]. A compact nonporous
barrier-type AAO film can be formed in neutral
electrolytes (pH 5-7), such as borate, oxalate, citrate,
phosphate, adipate, tungstate solution, etc., in which
the anodic oxide is practically insoluble [39].
Meanwhile, porous-type AAOs are formed in acidic
electrolytes, such as selenic [40], sulphuric oxalic,
phosphoric, chromic, as well as malonic, tartaric, citric
and malic acids [41-44], etc., in which anodic oxide is
slightly soluble. Early models describing anodic oxide
growth were developed on the basis of the barrier-type
oxide [45, 46, 47]. Moreover, in the early stage of
porous-type oxide growth, the formation of the initial
barrier oxide is followed by the emergence of incipient
pores. Figure 4 shows two different types of anodic
aluminum oxide (AAO) formed.

Figure 3: Porous-type AAOQ. This figure by Vicente Neto is licensed under the Creative Commons Attribution 4.0 International
https://commons.wikimedia.org/wiki/File:Porous-type_oxide_films.jpg.
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Figure 4: Two different types of anodic aluminum oxide (AAO) formed by (a) barrier-type and (b) porous-type anodizations,
along with the respective current (j)-time (t) transients under potentiostatic conditions. This figure by Vicente Neto is licensed

under the Creative Commons Attribution
Two_different_types_of_anodic_aluminum_oxide_(AAO).jpg.

International https://commons.wikimedia.org/wiki/File:
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Figure 5: Scheme of the system. Electrochemical methods used to template-assisted fabrication of InSb nanowires.
Reproduced with permission from Hnida, K., Mech, J., Sulka, G.D. 2013. Template-assisted electrodeposition of indium—
antimony nanowires-Comparison of electrochemical methods Applied Surface Science, 287, 252-256. Copyright (2014) Elsevier

B.V. All rights reserved [48].

Indium antimonide (InSb) is a Ill-V semiconductor
compound that in the form of nanowires can improve
thermoelectrical and optical properties compared to the
corresponding bulk crystal. Hnida et al. (20013) [48]
applied three  electrodeposition (potentiostatic,
galvanostatic and periodic pulse reverse) techniques
for a fast and inexpensive template-assisted fabrication
of InSb nanowire devices from a sodium citrate-citric
acid solution at room temperature. Home-made anodic
aluminum oxide templates with the pore diameter of
100 nm were used. According to the authors the
electrochemical methods used to template-assisted
fabrication of InSb nanowires allow controlling their
composition and morphology. In the Figure 5 is shown
a scheme of this system.

Although electrochemical deposition is widely used
for metallic materials deposition, the method is rather

occasionally employed for deposition of IlI-V
semiconductor compounds, especially from aqueous
solutions. During electrodeposition of semiconductors
some challenging tasks have to be overcome, e.g.
higher resistivity of semiconducting deposit and its
sensitivity to crystal lattice defects. These problems are
complicated by the fact that resistivity of the deposit
can constantly change during electrodeposition. In the
Hnida’s work InSb nanowires were electrodeposited
from a single bath containing oxidized precursors of
both elements using a single potential technique and
an unipolar pulse technique with a sequence of on-off
cathodic pulses in a two-electrode cell [49, 50]. In the
Figure 6 is show the In-Sb nanowires obtained by
Hnida et al. (2013) [37].

Huang et al. (2014) [51] working with
electrochemical deposition process obtained nanowire

In-Sb NWs by potentiostatic
electrodeposition

(@)

In-Sb NWs by pulse
electrodeposition

(b)

Figure 6: (a) In-Sb NWs by potentiostatic electrodeposition, and (b) In-Sb NWs by pulse electrodeposition. Reproduced with
permission from Hnida, K., Mech, J., Sulka, G.D. 2013.Template-assisted electrodeposition of indium—antimony nanowires
Comparison of electrochemical methods Applied Surface Science, 287, 252-256. Copyright (2014) Elsevier B.V. All rights

reserved [48].
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arrays and to obtain ZnO nanotube the author used
anodic alumina oxide template. According to these
authors the process of formation of the 2ZnO
nanostructures are described as follows:

H,0,+2e —20H E(=0.694V (vs. SCE) (1)
Zn**+20H —Zn(OH), 2)
Zn(OH),—Zn0O+H,0 (3)
Ho0—H,g+024E =1.23V(vs. SCE). 4)

According to Chen et al. (2014) [51] as the
deposition occurs, H,O, obtains two electrons to form
two OH™ (1) at the working electrode. ZnSQO, provides
Zn**, and reacts with OH™ to form the Zn(OH); hydrate
compound (2). With deposition at 80 °C, Zn(OH), is
partially dehydrated to nanocrystalline or amorphous
ZnO (3) accompanied with hydrogen evolution from
electrolysis of water, Eqg. (4). The crystallinity
increases, and ZnO becomes polycrystalline with
annealing at 500 °C in the air. The crystallite size was
found to have about 15 nm, calculated by the Scherrer
equation. This shows that ZnO was formed and its
crystallinity was improved during the dehydration
process. It was observed by electron diffraction
patterns that ZnO crystalline ring was found in the air,
which will be discussed in more detail below. Figure 7
shows a schematic representation of the growth
mechanisms of ZnO NT arrays.

(b)
* Zn0

H, bubble

L1

i.‘c)
JWUUUUL
.

The template-assisted electrodeposition can also be
used to prepare ordered arrays of 1D nanostructures in
the nanochannels of the templates. However, caution
must be exercised in the process of removing the
templates. Otherwise, it is very easy to destroy the
prepared arrays. In order to overcome this
disadvantage of the template-assisted
electrodeposition, several improved approaches were
advanced. Schlenoff used the template-assisted
electrodeposition to fabricate ordered arrays of
magnetic nanorods with Ni and Au segments [52]. In
this patent Ni and Au metals were successively
electrodeposited in the nanopores of the AAO
membrane which was previously coated with gold on
one side Figure (8a). After removing the template, the
Ni and Au segments of the nanorods were modified
with a positively charged polyelectrolyte on Ni or an
alkanethiolate on Au to make them either hydrophobic
or hydrophilic respectively Figure (8b). The modified
nanorods were dispersed at the interface of an
aqueous phase and a water-immiscible non-aqueous
phase. The mutual electrostatic repulsion between
each nanorod made them self-assembled into an
ordered array Figure (8c). Then the nanorods were
fixed in the manner depicted in Figure (8c) by
conversion of the monomers, methyl methacrylate
(MMA) in the non-aqueous phase to form PMMA
polymer via a polymerization process. Such ordered
arrays of the nanorods produced by this method could

(©)

Figure 7: Schematic of the growth mechanisms of (a, b and ¢) ZnO NT arrays which were deposited in 0.1 M ZnSO4 and 20
vol.% H20O; electrolyte and (a, d and e) ZnO NW arrays which were deposited in 0.5 M ZnSO4 and 20 vol.% H20: electrolyte via
the AAO template-based electrochemical deposition method [51]. Reproduced with permission from Chen, Y.-H.; Shen, Y.-M.;
Wang, S.-C. & Huang, J.-L. (2014). Fabrication of one-dimensional ZnO nanotube and nanowire arrays with an anodic alumina
oxide template via electrochemical deposition, Thin Solid Films 570, Part B, 303—-309, ISSN: 0040-6090. Copyright (2014)

Elsevier B.V. All rights reserved.
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Figure 8: Schematic diagrams illustrating the ordered arrays of nanorods fabrication process. Reproduced with permission from
[53] (Figure 3 from Recent Patents on Nanotechnology 2009, 3, 182-191).

have great potential in ultra-high density magnetic
storage and other applications.

2.1.2.3. Step Edges

The step-edge template assisted synthesis of 1D
nanostructures was pioneered by Himpsel [54, 55] and
Kern et al. [56, 57]. Step edges on a surface can be
used as another kind of templates for preparing
supported 1D nanostructures.

The exposed edges of steps within a crystalline
lattice can have properties that are different from those
of the bulk material. For example, gas-phase catalytic
studies have shown that the exposed edges of the
catalyst can promote a number of reactions and are

2 oxidized
. step edge

J..U:B etgl:?

often the sites of highest reactivity [58, 59]. The step
edges on single-crystalline surfaces can also direct the
growth of metal nanostructures [60-63]. Penner and
coworkers developed this method to electrodepositing
nanowires with controlled diameters of metals and
metal oxides [64]. Menke and Penner, 2004 [65]
synthesized bismuth telluride (Bi;Te;) nanowires by
Cyclic Electrodeposition/ Stripping coupled with Step
Edge Decoration. This material is a particular
thermoelectric material for power generation. They are
members of the Bix(1-x)SbyTes1.yySesy, family. In the
work [65] polycrystalline bismuth telluride (BixTes)
nanowires was prepared by the step edge selective
electrodeposition of BiyTes on highly oriented pyrolytic
graphite (HOPG) surfaces. Bi,Te; nanowires were

90 scans
———

Figure 9: Schematic diagram of the three-step method employed for synthesizing Bi>Tesz nanowires by cyclic
electrodeposition/stripping coupled with ESED [65] Reprinted with permission from Menke, E. J.; Li, Q. & Penner, R. M. (2004).
Bismuth telluride (Bi2Te3) nanowires synthesized by cyclic electrodeposition/stripping coupled with step edge decoration,” Nano
Lett. 4, 2009-2014, ISSN: 1530-6992.). Copyright (2004) American Chemical Society. All rights reserved.
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obtained from an aqueous plating solution containing
Bi** and HTeO,". Figure 9 shows the schematic
diagram of the method employed for synthesizing
Bi,Tes nanowires.

The stepped surface is energetically favourable for
an electrochemical formed atom to attach itself to the
defect sites, such as the surface step edges [66].
Particles of Cu, Co, and Ag have been deposited at the
step edges of crystalline metallic substrates (e.g., Mo
(110), Ag (111), and Cu (111)) [67, 68]. These metals
are often deposited by physical vapour deposition.

(A) Electrodeposition at Step-Edges

Electrodeposition

500 °C for 1 h under H, (g)

Step-edge —~
graphite
MoOy —
Mo® =

Material deposition at atomic step edges has been
extended to the growth of continuous nanowires by
electrodeposition on highly oriented pyrolytic graphite
(HOPG) (Figure 10 a-c).

This kind of approach can generate nanowires of
metals (e.g., Ag, Pd, Cu, and Au), oxides (e.g., MoOy
and Cu,0), and semiconductors (e.g., MoS, and MnO,,
Figure 11) [70, 71].

These nanowires can have lateral dimensions as
small as ~ 15 nm having application in the fabrication of

e 20 pm1

!

| =62 nm

= 500 nm

Figure 10: (A) Schematic illustration of the process used to generate nanowires at step edges of a graphite surface by
electrodeposition of a material such as molybdenum oxide (MoOx). SEM images (B, C) show dense arrays of MoOx nanowires
deposited from 1.0 mM MoO,* .[69] Reprinted (adapted) with permission from Gates, B. D.; Xu, Q.; Stewart, M.; Ryan, D.;
Willson, C. G. & Whitesides, G. M. (2005). “New Approaches to Nanofabrication: Molding, Pnntlng, and Other Technlques
Chemical Reviews 105(4), 1171-1196, ISSN: 1520-6890. Copyright (2005) American Chemical Society. All rights reserved.

[001]

303, ribbon

Figure 11: The E/C (Electrochemical/Chemical Synthesis) method for synthesizing 2H-MoS> nanoribbons on graphite surfaces
[70]. Reprinted with permission from Li, Q.; Newberg, J. T.; Walter, E. C.; Hemminger, J. C. & Penner, R. M. (2004).
Polycrystalline Molybdenum Disulfide (2H-MoS2) Nano- and Microribbons by Electrochemical/Chemical Synthesis,” Nano Lett.
4(2), 277-281, ISSN: 1530-6992.. Copyright (2004) American Chemical Society. All rights reserved.
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Figure 12: Schematic diagrams illustrating Step-edge template-assisted synthesis of 1D nanostructures. This file is licensed by

Vicente Neto under the Creative

Commons

Attribution 4.0 International license. Link:

https://commons.wikimedia.org/wiki/File:Schematic_diagrams_illustrating_Step-

edge_template_assisted_synthesis_of 1D_nanostructures.tif.

gas sensors. For example, palladium nanowires,
transferred to a cyanoacrylate polymer film, can be
used to detect the presence of hydrogen gas [72].
Nanowires grown by this method are, however,
randomly positioned on the substrate in a pattern
determined by the orientation and spacing of the step
edges in the HOPG substrate. Their grain structures
and edge roughness were not characterized. The
diameter of these stated compounds can also vary
across the substrate, and nanoparticles can nucleate
on defects in the substrate. Figure 12 shows Schematic
diagrams illustrating step-edge template-assisted
synthesis of 1D nanostructures.

2.1.2.4. Polymer Membrane

In the 1960s, Price and co-workers, from General
Electric Research Laboratory, Schenectady, New York,
discovered that the damage tracks produced in mica by
high energy particles could be preferentially etched to
yield pores. The diameters of the pores were
dependent on the etching time [73, 74]. With the
progress of the science this procedure for etching
damage tracks was further improved to be used in
other minerals and polymers [75]. The track-etched
polymer membranes have been proven to be especially
useful as another kind of template materials for
electrodeposition of 1D nanostructure. Chien et al.
used the polycarbonate membrane as template to
fabricate arrays of Bi nanowires via electrodeposition
[76]. Sager et al. described a process for fabricating a

solar cell comprising oriented arrays of semiconducting
nanostructures in conducting or semiconducting
polymeric materials [77]. The template strategy
combined with electrodeposition techniques have been
successfully used to produce nanoscale objects in the
cylindrical pores of track-etched polycarbonate
membranes.

Using this method, nanometer-size metallic wires,
conductive polymer nanotubules, superconducting
nanowires and quasi-one-dimensional magnetic
multilayers have been fabricated. When restricted to
the field of materials sciences, the main interest is that
the physical properties of a material can change in the
transition between the bulk scale and the nanoscale. In
fact these nanoscale materials exhibit physical
properties different from those found in the bulk. Martin
([78] 1996) and his research group developed an
experimental procedure called Template method
(Figure 13). In this method metals can be deposited
within the pores of the template membranes by either
electrochemical or chemical (“electroless”) reduction of
the appropriate metal ion. Electrochemical deposition is
accomplished by simply coating one face of the
membrane with a metal film and using this metal film as
a cathode for electroplating [79-81].

In general, this method is only applicable to
electrically conductive materials such as metals, alloys,
semiconductors, and electrically conductive polymers
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Figure 13: Electron micrographs of polycarbonate (a and b) and alumina (¢ and d) template membranes. [78]. Reprinted with
permission from Martin, C. R. (1996). “Membrane-Based Synthesis of Nanomaterials,” Chem. Mater. 8(8), 1739-1746, ISSN:
1520-5002. Copyright (1996) American Chemical Society. All rights reserved.

(Figure 14). After the initial deposition, the electrode is
separated from the depositing solution by the deposit
and so the deposit must conduct in order to allow
continuation of the deposition process. When the
deposition is confined to the pores of the plate
membranes, nanocomposites are produced. If the
template membrane is removed, nanorod or nanowire
arrays are prepared.

It is generally accepted that the template-assisted
electrodeposition provides a simple, high throughput
and cost effective procedure for the fabrication of 1D
nanostructures. The advantages of template-assisted
electrodeposition include: (a) a general approach for
almost all materials; (b) batch fabrication ability; (c)
accurate control of the diameter and length of the 1D

nanostructures through controlled pore growth and time
of growth; (d) control of composition through the
electrolyte and electrodeposition parameters. However,
the template-assisted electrodeposition has some
serious limitations, such as (i) required a post treatment
process to remove the template, (ii) the nanostructures
obtained are often polycrystalline and (iii) the quantity
of the nanostructures that can be obtained in each run
of the synthesis is limited.

3. TEMPLATE-FREE ELECTRODEPOSITION:
ALTERNATIVE TECHNIQUES

3.1. Template-Free Electrodeposition

To generate 1D morphologies, templates are often
used during the electrodeposition process (template-

Figure 14: Some electronically conductive polymers. (a) Polypyrrole; (b) Polyaniline. and (c) Polythiophene. This figure by

Vicente Neto is licensed under the

Creative

Commons Attribution 4.0 International. Link:

https://commons.wikimedia.org/wiki/File:Some_electronically_conductive_polymers.jpg.
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assisted electrodeposition, TAED) [82, 83]. This
method has been widely used to prepare 1D
nanostructures of many materials [14]. By using a
template, nanorods and nanotubes with uniform
diameters as well as segmented nanorods can be
readily grown in an array [84, 85]. According to
experimental evidence it is known that some materials
attain 1D growth under certain conditions without using
any template due to their intrinsic highly anisotropic
crystal structures [86], as occurs with CdSe nanowires
on conducting glass [87]. Feng et al, describe a low-
temperature and directed preparation of CdSe
nanowires in a simple one-step, template-free
electrochemical deposition. According to them with the
discovery of  other  one-dimensional CdSe
nanostructures and CdS nanowires, it is anticipated
that the electrochemical synthesis method can be
extended to other nanostructures of CdSe and to other
II-VI semiconductors and also be used to develop a
systematic synthesis for nanostructured
semiconductors. The average diameter of the thus
prepared CdSe (by TFED method) nanowires was
larger than those synthesized by chemical vapor
deposition (CVD) and solution—liquid-solid (SLS)
methods (Figure 15).

The electrochemical reaction process can be simply
expressed as eq 5:

Se(s) + 26 —p Se”(aq) (5)

Elemental Se was reduced to Sez', and then CdSe
was formed as a result of the electrostatic attraction:

Cd**(aq) + Se”(aq) —» CdSe (s) (6)

In the the Zhou et al. work the electrodeposition
conditions included the bath temperature, the current
density, the stirring rate, and the concentrations of the
reactants, which were varied to generate the CdSe
nanowires. In the next step, a current density of 0.22
mA cm™, a temperature of 147 °C, a concentration of
10 mM for CdCl, and 5 mM for elemental Se, and a
stirring rate of 1000 revolutions per minute (rpm) were
used as the typical electrodeposition conditions to
make the CdSe nanowires. After deposition, CdSe
nanowire samples were sequentially cleaned in
acetone and ultrapure water and then annealed at 350
°C under inert gas (N;) shielding for 60 min to acquire
the better photovoltaic performance [88]. Applications
of CdSe nanowires have previously focused on light-
emitting diodes (LEDs), optoelectronic devices, and
field-effect transistors (FETs) [89] because of their
direct band gap (~ 1.74 eV at room temperature), good
visible-light absorption, and excellent photoelectrical
characteristics [90, 91].

Other interesting material is CuTe nanoribbons [92].
It has been synthesized by template-free
electrodeposition (TFED) based on the intrinsic
anisotropic structures. Copper telluride (CuTe) is a
transition metal chalcogenide with interesting electronic
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Figure 15: Schematic diagram of the wurtzite structure and the proposed electrodeposition process of the CdSe nanowires.
Reprinted with permission from Feng, Z.; Zhang, Q.; Lin, L.; Guo, H.; Zhou, J. & Lin, Z. (2010). (0001)-Preferential Growth of
CdSe Nanowires on Conducting Glass: Template-Free Electrodeposition and Application in Photovoltaics, Chem. Mater. 22(9),
2705-2710, Copyright (2010) American Chemical Society. All rights reserved.
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and photoelectric properties and potential applications.
A template-free electrochemical deposition method was
successfully used to synthesize single-crystal CuTe
nanoribbons (Figure 16) in the temperature condition
with usage of aqueous solution [93]. It was suggested
that the ribbon-like morphology of the CuTe resulted
from the synergistic effect of the anisotropic crystal
structure of the CuTe and thermodynamics of the
crystal growth process. In this study, CuTe
nanoribbons were synthesized for the first time by an
electrochemical method from an aqueous solution at 85
°C without using any template or capping agent. This
technique was developed by Shi et al. (2008). They
applied TFED to synthesize 1D nanostructures of Te
and CuTe [93a,93b, 94]. In that work TeO, or tellurate
dissolved in an alkaline solution (such as KOH) was
used as electrolyte. It is therefore expected that under
proper conditions, TFED could be employed as a
versatile method for synthesizing various 1D materials
which contain intrinsic highly anisotropic crystal
structures.

Algarni et al. 2018 [93b] reported on a strategy to
grow a-InSb (a, amorphous) NWs in the CVD system
(Figure 17). According to the authors, the lack of
crystallinity in the as-grown NWs can be attributed to
the effect of post-growth annealing treatment on the
electronic and optical quality of the a-InSb NWs.

3.2. Other Templates
In aqueous solution, surfactant molecules
aggregate into micelles and further into lyotropic liquid-

crystalline phases at higher concentrations. The
lyotropic mesophases are categorized into three major

200nm

(a)

types: hexagonal phases (H1), cubic phases (la3d) and
lamellar phases (La) [95]. Hexagonal phases consist of
aligned cylindrical micelles in a hexagonal array. In
cubic phases they are interconnected on a gyroid
lattice and the lamellar phases consist of lamellar
structured micelles. The hexagonal phases of lyotropic
liquid crystals have been employed as templates for
electrosynthesis to form hexagonally mesoporous
materials [96-99]. Shin et al. [100] developed hydrogen
bubbles as a novel template to create mesoporous
structures via electrochemical routes. Vigorous
hydrogen evolution occurs when a large negative
current is applied in an acidic electroplating solution.
The hydrogen bubbles produce a continuous path from
the electrode surface to the electrolyte—air interface
and act as a template to form foam structures. Xu et al.
[101] have produced polymer templates exhibiting a
uniform porous structure that is the inverse of an opal.
The templates were fabricated by performing
polymerization in the voids of pre-formed silica colloidal
crystals and removing silica after filling the voids.

Riley et al. [102] employed the polymer membranes
with a negative structure of sea urchin plates as
templates for electrodeposition of porous materials.
The polymer membrane was synthesized by
polymerization within the original sea urchin plates and
subsequent dissolution of inorganic plates.

4. ENVIRONMENTAL PERSPECTIVES:
METHOD

4.1. La(OH); and La;0; as Nanotubes

CLEAN

The syntheses of the nanomaterial with one or two-
dimensional (1D or 2D) can be prepared by the usage

Figure 16: (a) TEM image of the nanoribbon and its corresponding structural model of the layered CuTe crystal. Reprinted with
permission from She, G.; Zhang, X.; Shi, W.; Cai, Y.; Wang, N.; Liu, P. & Chen, D. (2008). “Template-Free Electrochemical
Synthesis of Single-Crystal CuTe Nanoribbons,” Crystal Growth & Design 8(6), 1789-1791. Copyright (2004) American

Chemical Society. All rights reserved.
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Figure 17: Schematic of the two possible growth mechanism of a-InSb NWs. (a) Initiation of NW growth as a result of In
droplets forming on the Si substrate. These droplets have different sizes as shown in the inset; (b) As temperature rises at a
very high rate, the droplets coalesce into islands and migrate to the edge of the Si substrate. Smaller In droplets are left behind
at the center of the Si substrate; inset shows In islands coalescing and ripening; (c,d) Possible growth mechanism 1, in which
an In core first precipitates from the molten seed (c), followed by complete antimonidization of the In core, resulting in an InSb
NW (d); (e,f) Possible growth mechanism 2, in which In and Sb atoms combine to form InSb clusters over the molten In droplet
(e). These clusters settle on the surface of the molten droplet and slips to the lower hemisphere and diffuses to the interface
between the substrate and the molten In droplet (f). The mechanisms follow those reported for the growth of a-SiOx NWs.

of La(OH); and La,O3 compounds through the
electrochemical deposition method. For instance,
nanorods, nanotubes, nanowires, nanocapsules and
nanoplates [103-109] can be prepared by this important
method. The syntheses of this stated nanomaterial is
very important since this material present many
application in technological fields such as hydrogen
storage for the fuel cell technology, light-emitting
phosphor, electrode for the electronic device, high
potential oxides, catalyst in the chemical reaction,
automobile exhaust-gas convector and sorbent
materials for the environmental problems [110-113].
The synthesis nanospindles and nanorods based on of
La(OH); compound was prepared by Lui et al. (2010)
through the galvanostatic deposition (i = 1 mA cm'z) on
the surface of F-doped SnO, substrates from 0.01 M
La(NO3);+50% DMSO at temperature of 70 °C for 60
min in a bath [114]. The stated spindle-like
nanostructures was prepared with La(OH); compound
and was reported for the first time by Aghazadeh et al.
[115]. The nanostructure material is prepared by the

deposition process on the surface of the stainless steel
substrate using aqueous solution with a concentration
of 0.005 M La(NOj3);. Continuous the process it is
applied a density of current of 2 mA cm™? during 25 min
at 60 °C. Following a heat treatment is applied in the
hydroxide nanospindles at 600 °C for 3 h to produced
the La,O3; nanospindles.

The Figure 18 show the process of formation of
La(OH); that occurring through deposition on the
cathode. In the works cited above it was proposed the
mechanism below:

Electrochemical step
2H,0+2e —H,+20H™ E°=-1.08 V vs. Ag/AgCI (7)
Chemical step

La**(aq)+30H (aq)+xNO 3+yH,0—[LaM
(OH)@3-x(NO3),xyH,01| (8)
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Figure 18: A schematic view of the La(OH)s; deposition from
nitrate bath. Reproduced with permission from Aghazadeh,
M.; Arhami, B.; Barmi, A.-A. M.; Hosseinifard, M.; Gharailou,
D. & Fathollahi, F. (2014). “La(OH)3 and La203 nanospindles
prepared by template-free direct electrodeposition followed
by heat-treatment, Mat. Lett. 115, 68-71 [115]. Copyright
(2014) Elsevier B.V. All rights reserved.

Recording the potential values during the deposition
time (-1.09 V vs. Ag/AgCl) Aghazadeh et al. [116]
observed that the water reduction has the major role in
the base electrogeneration. Remarkably, the strings of
gas bubbles were experimentally observed on the
cathode surface during all times of deposition
confirming the water reduction during the
electrochemical step (7). In the same work Aghazadeh
et al. [116] have investigated the thermal behavior
(DSC-TG) of the lanthanum hydroxide powder and the
main results are shown in Figure 19. In the DSC curve,

four endothermic peaks are seen, corresponding to the
following steps:

(i) Removal of the physically adsorbed water below
200C

[La(OH)(3-x(NO3),xyH20]—[La(OH)(3-9(NO3),]*+yH,0
©)

(i) Removal of the structural water between 200
and 390 °C

[La(OH)3-x(NO3),]—[LaO(OH)1-(NO3),]+(2—-x)HO

(10)

(i) Removal of the residual structural water
between 390 and 450 °C

[LaO(OH)(1-(NO3),] >2LaO(NOg), +(1-x)H,0 (1)

(iv) Removal of the intercalated nitrate ions at 450
and 600 °C

LaO(NO3),—La,03+2xNO,+x/20, (12)

According to the thermogravimetric analysis (DSC-
TGA) the total weight loss of the hydroxide sample is
13.5 wt%. Approximately 3.9 wt% of the total amount of
weight loss corresponds to the physically adsorbed
water (9). The weight losses of ~6.5 wt% is also due
the elimination of the structural water (10) and ~1.6
wt% of total weight loss is related to the removal of the
residual structural water (11). The last weight loss of
1.5 wt% can be assigned to the removal of intercalated
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Figure 19: Thermogravimetric analysis (DSC-TGA) of the La(OH)3 nanospindles. Reproduced with permission from
Aghazadeh, M.; Arhami, B.; Barmi, A.-A. M.; Hosseinifard, M.; Gharailou, D. & Fathollahi, F. (2014). “La(OH); and LaO3
nanospindles prepared by template-free direct electrodeposition followed by heat-treatment, Mat. Lett. 115, 68-71 [115].

Copyright (2014) Elsevier B.V. All rights reserved.
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Figure 20: SEM images of the prepared La(OH)s (a) and (b) and La>O3 (c¢) and (d) nanospindles. Reproduced with permission
from Aghazadeh, M.; Arhami, B.; Barmi, A.-A. M.; Hosseinifard, M.; Gharailou, D. & Fathollahi, F. (2014). “La(OH)s; and Laz03
nanospindles prepared by template-free direct electrodeposition followed by heat-treatment, Mat. Lett. 115, 68-71 [115].

Copyright (2014) Elsevier B.V. All rights reserved.

nitrate ions (12). Figure 20 shows morphological
characteristics of products through SEM
measurements.

4.2. One Dimensional-ZnO

4.2.1. One Dimensional-ZnO Nanostructures: Dyes
and Organic Chemicals Removing

An enormous amount of dyes and organic
chemicals produced by industrial processes are
discharged into the environment on a daily basis. The
presence of these contaminants in water causes
considerable problems to microorganisms, aquatic
environments and human beings [116-118]. About 10—
15% of the total world production of dyes is lost during
the production process and is released in the textile
effluent [119, 120]. The discharge of these colored,
contaminated wastewaters into the environment
represents a considerable source of non-aesthetic
pollution and eutrophication and could create
dangerous byproducts through oxidation, hydrolysis, or
other chemical reactions occurring in the wastewater
stream [121].

According to Forgacs et al. [122] traditional
wastewater treatment technologies have proven to be

mostly ineffective for removing synthetic textile dyes
from wastewater because of the chemical stability of
these pollutants; they also verified that 11 out of 18 azo
dyes selected for their investigation passed through the
activated sludge process practically untreated. Most
textile dyes are stable towards chemical oxidation [123-
125]. These characteristics render them resistant
towards decomposition by conventional biochemical
and physico-chemical methods. To summarize, the
aforementioned  processes have  wide-ranging
limitations in efficacy for the removal of dyes from
waste-water.

ZnO has been investigated by researchers due to
its higher photoactivity (by a factor of 2-3) in both UV
and sunlight irradiation for the decontamination of
water [126, 127]. Beyond that, due to ZnO higher
efficiency in the production of OH- and reduced
recombination of photoinduced electron—hole pairs, it
has been considered to be more photoactive [128,
129]. Generally, the surface area and the number of
defects on the surface of the catalyst are significant
parameters for the effective photochemical reaction.
Although nanoparticles offer a larger surface area, they
are limited in their use in a water suspension because
of the difficulty and high cost of separation and
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recovery. One dimensional nanostrutures, such as
NWs and NRs, offer enhanced photocatalytic efficiency
[130-132], and could be well alligned on most surfaces
with no post-treatment of the catalyst. A comparison of
various ZnO nanostrutures for  photocatalytic
applications is presented in Table 1. As illustrated, 1D-
nanostructures, such as NWs, NRs and nanotubes,
provide higher surface area to volume ratio compared
to nanoparticles [133] in thin films (two-dimensional
nanostructures). Among the 1D-nanostructures, ZnO
NRs and NWs have been widely studied because of
their nanomaterial formation and device applications.

4.2.2. ZnO and Solar Cells

Dye-sensitized solar cells (DSSCs) have been
regarded as promising devices for energy applications
because of their advantages of low cost, ease of
manufacture, and use of low toxicity materials [134-
137]. The photoelectrode in DSSC (Figure 21), which is
based on mesoporous wide-band gap semiconductor
nanocrystalline films sensitized by a monolayer of dye
molecules, represents the heart of the device.

Zn0 nanowires with adsorbed dye monolayer
Laqusd
alectrolyte Pt/FSn0s/glass
or hole -

conductor —

Figure 21: A DSSC device using ZnO nanowires, enabling a
high surface area while minimizing the number of grain
boundaries that must be crossed by photogenerated charges.
Reproduced with permission from Baxter, J. B. & Aydil, E. S.
(2005). Nanowire-based dye-sensitized solar cells, Appl.
Phys. Lett. 86(5), 053114. Copyright (2005) AIP Publishing.
All rights reserved.

A very important feature provided by the
mesoporous nanocrystalline films is the high internal
surface area (1000-2000 times the area of a
flat/smooth electrode), which ensures sufficient dye
loading for the photoelectrode and thus good light
harvesting efficiency for the cell (Figure 22). It has
been demonstrated that the trap-detrap diffusion
process of electron ftransport in mesoporous
nanocrystalline film, mainly caused by the defects in

the nanocrystalline film, is a major limiting factor for
achieving higher power conversion efficiency [138,
139]. Replacing the mesoporous nanocrystalline films
with  one-dimensional (1D) =zinc oxide (ZnO)
nanostructures, such as nanowire arrays [140] or
nanotube arrays [141] is considered to be an effective
way to tackle this issue. This occurs not only because
1D ZnO nanostructures can afford a direct conduction
pathway for the photogenerated electron, but also
because they exhibit much more higher electronic
mobility  (200-1000 cm® V' s than TiO,
nanostructures (0.1-4.0 cm® V™' s™), which would be
favorable for rapid electron transport in photoelectrode
with reduced recombination loss [12-14, 142, 143]. The
power conversion efficiencies of the 1D 2ZnO
nanostructure-based devices, however, are restricted
to a relatively low level by the low light harvesting
efficiency, which is the result of low internal surface
area provided by 1D nanostructure photoelectrodes.
Thereby hierarchical ZnO nanostructures combining
multiscale configurations, such as tetrapod-like
nanostructures [144], nanoflower structures [18, 145]
dendritic nanowires [15, 16, 146] and nanowire-
nanosheet architectures [147] are introduced, aimed at
enlarging internal surface area of the photoelectrode
while keeping high electron transport efficiency.
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Figure 22: Summary of the key processes involved in the
regenerative cycle taking place in a dye-sensitized solar cell
under illumination Reproduced with permission from Peter, L.
M. (2007). "Characterization and Modeling of Dye-Sensitized
Solar Cells," J. Physical Chemistry C 111(18), 6601-6612.
Copyright (2007) American Chemical Society. All rights
reserved.

Electrodeposition of ZnO nanostructures is
generally based on the generation of OH- ions at the
surface of working electrode by electrochemical
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reduction of precursors such as O,,(13) NO3,(14) and
H,0,(15) in Zn®* aqueous solution [148-150]. During
the deposition process, OH™ ions are produced in terms
of (13), (14), or (15) after certain potential is applied.
Then Zn** ions in the vicinity of working electrode react
with OH™ ions, resulting in formation of zinc hydroxide
(Zn(OH),) (eq 16). Finally, ZnO is produced by
dehydration of Zn(OH), (17).

0O, + 2H,0 + 4e 40H (13);
NO; + H,0 + 2e” NO, + 20H" (14)
H,O + 2¢  20H (15)
Zn**+20H™—Zn(OH), (16)
Zn(OH),—Zn0O+H,0 (17)

The morphology of the as-synthesized ZnO
nanodeposits strongly depends on the experimental
conditions, particularly the Zn** concentration, which
might change the reaction rate of the hydroxylation (16)
and dehydration (17), thereby enabling modifying the
growth behavior of ZnO nanodeposits [149, 150]. In the
Figure 23 is shown the growth of ZnO nanostructures
on ITO-glass. In the same scheme is possible to see
the growth behavior of ZnO nanostructure 1D and 2D.
In the electrolyte containing a low concentration of
Zn**, the dehydration reaction is faster than the
hydroxylation one. Thus, Zn(OH), can be converted
into ZnO as soon as it is produced, leading to formation
of 1D ZnO nanostructures (e.g., nanorods, nanowires,
or nanopillars) because of the anisotropic growth along
the [0001] direction of the hexagonal wurtzite structure.
However, the formation of ZnO produced by
dehydration of Zn(OH), could be delayed because of

(1010)

(1100)
ZnO

[1100]

[1010]

the relatively faster hydroxylation reaction in the case
of high Zn®* concentration. As a result, the growth
along [0001] direction might be replaced by other
preferred growth direction, such as [0110] or [1010],
which can give rise to formation of 2D nanostructures
(e.g., nanosheets or nanowalls). Accordingly,
hierarchical ZnO nanostructures could be obtained by
designing a multistep electrodeposition process (Figure
23), in which the Zn** concentrations in different steps
are adjusted in order to obtain ZnO nanodeposits with
desired morphologies.

4.2.3. One Dimensional-TiO, Nanostructures: Dyes
and Organic Chemicals Removing

The multi-functionality of semiconducting titanium
dioxide (TiOz) has seen its utilization in numerous
industrial applications. Known largely for its strong
photocatalytic activity, robust chemical stability under
acidic and oxidative environments, low production cost
and non-toxicity, TiO, has found uses in areas such as
photocatalysis [152, 153] and dye-sensitized solar cells
[154]. Amongst a myriad of existing TiO, structures,
highly ordered one-dimensional (1D) nanostructures,
formed by anodization of Ti [155] or electrodeposition
from solutions containing TiCl; as a precursor [156],
have been found to be particularly important in
achieving scalable functional devices. A preferred
method to fabricate 1D nanostructures is the templated
electrodeposition due to its low cost, high volume and
the ability to accurately control the amount of material
deposited. Methods of TiO, film electrodeposition from
TiOSO, were developed by Natarajan and Nogami
[157] and improved by Karuppuchamy et al. [158];
since then similar work on mainly TiO; films and three-
dimensional nanoframes has followed [159].

[0110]

[0001]

Figure 23: Schematic diagrams of (a) 1D and (b) 2D growth of ZnO nanostructures on ITO-glass. Reprinted with permission
from Pradhan, D. & Leung, K. T. (2008). “Controlled Growth of Two-Dimensional and One-Dimensional ZnO Nanostructures on
Indium Tin Oxide Coated Glass by Direct Electrodeposition,” Langmuir 24(17), 9707-9716. Copyright (2004) American
Chemical Society. All rights reserved.



36 Journal of Composites and Biodegradable Polymers, 2022 Vol. 10

Neto et al.

Regeneration of NO, by
M0, oxidation of MO,
O NOy

© NO,

THO, - yrdiolysis
—_—

TiD, nucleation sites

along pore walls

Figure 24: Schematic diagram illustrating nucleation of TiO> sites along pore walls of AAM (steps 1 to 3); growth of TiO>
nanorods via route (i) steps 4 to 6 from regeneration of NO3~ from re-oxidation of reduced NO,  and TiO, nanotubes via (ii)
steps 4 to 5 confined around the pore walls from limiting reduction rates NO3™;(B) SEM images of as-prepared TiO2 nanotubes.
Reprinted (adapted) with permission from (from Teo, G. Y.; Ryan, M. P. & Riley, D. J. (2014). “A mechanistic study on templated
electrodeposition of one-dimensional TiO2 nanorods and nanotubes using TiOSO4 as a precursor,” Electrochemistry
Communications 47, 13-16, ISSN: 1388-2481. Copyright (2014) Elsevier B.V. Copyright © 2013 Elsevier B.V. All rights

reserved.

According with Riley et al. [160], the
electrodeposition of TiO, from TiOSO, proceeds from
the cathode via the reduction of NO3™ ions (18), which
leads to an increase in the local pH by generation of
OH-. This results in the hydrolysis of Ti(O2)SOy, a Ti
intermediate complex formed prior to electrodeposition
(19), to produce a hydroxide precipitate that
subsequently via condensation and heat treatment
yields TiO,(20).

NO; (ads) + H,0 + 2e” — NO, (ads) + 20H" (18)

TiOSO, + H,0, — T|(02)SO4 + H,O (red solution)
(19)

TiOSO, + 20H- + (X+1)(H20) — Ti(OH),. X (H,0) +
H,0, SO~ 7 TiO, (20)

In Figure 24 the routes (i) and (ii) illustrate the
proposed deposition mechanisms of TiO, nanorods
and nanotube formation, respectively.

5. CONCLUSIONS

Templated electrosynthesis is proving to be an easy
and powerful method to fabricate a variety of

nanomaterials and porous structures. Using this
technique, many material parameters such as
dimensions and crystallinity can be tuned. The

template-free electrodeposition can directly grow free-
standing 1D nanostructures and their oriented arrays
on the conductive substrate. It does not require the
complicated pre- and post- treatments which are
necessary in the template-assisted electrodeposition
process. Therefore, it is simpler and more cost-
effective compared with the template assisted
electrodeposition. Each technique has certain
characteristic advantages, and it is unlikely that a
single technique will dominate all areas of application.
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