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Recent progress in the electrochemical deposition of ZnO nanowires:

Synthesis approaches and applications

In the last decade, nanostructuration is a demanding research topic due to the
observation of interesting properties and, in consequence, applications on these
nanostructures. This review collects the synthesis and possible applications of
ZnO nanowires grown by electrodeposition and electroless methods. Respect to
the synthesis of ZnO nanowires, growth mechanism and parameters are analysed
depending on the technique used, electrodeposition or electroless. The
mechanism growth of the nanowires using templateless and hard-templates is
analysed resulting in different architecture of the ZnO nanowires. Moreover, ZnO
nanowires and hybrid materials based on ZnO are also considered. Depending on
the architecture of ZnO nanowires, the properties and applications are different.
This review also studies the properties and applications in which ZnO nanowires
can be used and how these applications are different depending on the
architecture of the nanostructure. This review gives a complete perspective
referent to the synthesis, properties and application of ZnO nanowires grown by

electrosynthesis techniques.

Keywords: ZnO; electrodeposition; electroless deposition; nanowires; nanorods;
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Introduction

Zinc oxide (ZnO) materials, especially nanostructured materials, have been extensively
investigated, as seen from a surge of relevant number of publications, due to their burgeoning
performance in electronics, optics, photonics, energy, photocatalysis, among other applications
7 The first reports go back to 1935 or earlier, but the reliance of future technologies based on
ZnO materials has significantly spurred intense and rapid progress during the last two decades.
The potential applicability of ZnO-based technologies lies on its optoelectronic and structural
properties at room temperature. ZnO has a direct and wide band gap (Ey = approx. 3.36 eV) in

the near-UV spectral region and poses a relatively large exciton binding energy (approx. 60
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meV) at room temperature 11, The crystal structures of ZnO are wurtzite, zinc blende, or rock
salt, but at ambient pressure and temperature, the thermodynamically stable phase is wurtzite
structure. That is composed of two interpenetrating hexagonal close-packed (hcp) sublattices, in
which each zinc ion is surrounded by a tetrahedral of oxygen ions, and vice versa, providing a
polar symmetry along the hexagonal axis. That polarity determines a number of properties of

ZnO as well as is a pivotal factor in crystal growth 810,

Despite the intrinsic optoelectronic and structural properties of ZnO materials, their
architecture, including their shape, dimensions, and morphology, especially at the nanometer
scale, manifest other physical and chemical properties. 225, For that reason, widespread efforts
have been devoted to developing and understanding the synthesis and properties of ZnO
nanomaterials. Most ZnO nanomaterials studied during the past two decades have been in the
form of nanoparticles, although other nanostructures (e.g., nanowires, nanorods, and nanotubes)
have attracted increased attention during the same period 1214161 Owing to quantum
confinement, the nanostructured architecture, especially of one-dimensional ZnO nanomaterials,
facilitates the movement of electrons and holes as well as enhances the transport properties
related to phonons and photons The small size of nanostructured materials also increases the
specific surface area and the surface-to-volume ratio, which benefits the interaction of
nanostructures and external agents (e.g., light and chemicals) or environments 12141718,

Among the most reported ZnO nanostructures, including zero-dimensional (e.g.,
nanoparticles), two-dimensional (2D; e.g., nanobelts and thin films), and three-dimensional
(3D) complex morphologies (e.g., nanorings, nanocages, and nanoflowers, particularly ones
fabricated by learning from nature with devices possessing extraordinary optical properties),
Zn0O nanowires and nanorods are ideal candidates not only for understanding fundamental
nanoscale phenomena but also as fundamental building blocks for fabricating more competitive,

more complex ZnO-based devices. Many 3D complex morphologies are formed by nanowires
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or nanorods as their basic building blocks *22, ZnO nanowires and nanorods exhibit
extraordinarily high surface-to-volume ratios and an excellent capacity to be integrated into
devices and interact with other micro- and nanoscopic systems 121416 The potential of ZnO
nanowires and nanorods rests not only in their incredible physical and chemical properties but
also in the reasonably rapid, simple, low-cost approaches to synthesizing them. At the same
time, synthesizing one-dimensional nanomaterials continues to require great ingenuity in order
to consolidate fabricating routes and thereby attain well-controlled dimensions, morphologies,
phase purities, and chemical compositions in terms of cost, throughput, scalability, and volume
of production 418,

The growth of ZnO nanowires and nanorods can be accomplished with a wide range of
approaches, including physical vapor—liquid-solid (VLS) processes, sol—gel, and hydrothermal,
solvothermal, and electrochemical deposition approaches or by using advanced
nanolithographic techniques 12226, Most studies to date have focused on either VLS growth
processes at relatively high temperatures with rather complex equipment or else wet chemical
processes, primarily hydrothermal ones, at relatively low temperatures 24, The crux of those
processes is their ability to facilitate the control of the nanowires’ architecture, including their
dimensions and alignment, on relatively large surfaces such that their material properties can be
fine-tuned, as well as their extensive usability as a building blocks in multiple applications
12,24,27.

Against that background, electrochemical deposition, both electrodeposition and
electroless deposition, seem to be promising wet chemical approaches for synthesizing well-
defined, well-aligned ZnO nanowires and nanorods. The potential of the electrochemical
approaches rests in their simplicity, their possible use for large-scale depositions, and the low
cost of the required equipment, precursors, and processes “1"28, The simple electrochemical
deposition process is based on the electrogeneration of hydroxide ions, followed by the

precipitation of Zn(OH); and its dehydration to obtain ZnO. Unlike other materials, ZnO
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nanowires and nanorods can be easily obtained by using a hard-template electrochemical
deposition, which is the most extended strategy for electrosynthesizing nanowires and nanorods,
or by using a simple templateless process &2%%, The viability of using templateless deposition
stems from the local increase of pH in the substrate’s vicinity, which determines the speciation
of Zn(I1) that facilitates the adsorption of dominant negatively charged Zn(ll) species on the
positively charged Zn-terminated (0001) planes, thereby resulting in fast growth in the direction
of the c-axis 12272830,

The aim of this review is to offer a global, holistic overview of the progress of the
electrochemical deposition of ZnO nanowires and nanorods, with special focus on approaches
of electrosynthesis and the potential applications of ZnO nanowires and nanorods. The review
thus stands as the first to holistically address the full range of electrochemical deposition
processes by not only considering templateless and hard-template electrodeposition but also
analyzing and discussing electroless deposition. In the following sections, we discuss the
mechanisms of growth and the primary parameters governing the architectural, physical, and
chemical properties of the electrodeposition of ZnO nanowires and nanorods, including in terms
of the concentration of Zn(Il), the precursors, optimal temperatures for deposition, and the
substrates involved. The sections also briefly introduce the modification of ZnO, which is vital
to the development of more competitive ZnO-based nanowires and nanorods with the potential
to improve the optical, electric, and electronic properties of those one-dimensional
nanostructures. Last, we describe the principal properties of ZnO nanowires and nanorods as
well as illustrate the major advances and potential of those nanostructures for a wide range of
applications, including in photocatalysis, water oxidation, antibacterial applications, solar cells,
UV photodetectors, supercapacitators, batteries, nanosensing, hydrogen evolution, and light-

emitting diodes.
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Electrodeposition of ZnO nanowires

Traditionally used to grow metals or alloys on conductive surfaces, electrodeposition involves
the electrochemical reduction of metal ions (M™*) from aqueous, organic, fused-salt, or ionic
liquid electrolytes. In that process (Eg. 1), a potential (or current) is applied between two
conductive surfaces (i.e., electrodes) immersed in a conductive solution (i.e., electrolyte)
containing the electroactive species to be reduced, such that an external power supply provides

n electrons, thereby precluding the use of additional aggressive reducing agents 2%
My +ne” = Mg (Eq.1)

Despite the simplicity of the equation, electrodeposition is a complex heterogeneous
process that requires understanding the metal-solution interface as the locus of deposition, as

well as the kinetics, mechanisms, nucleation, and growth processes to be interpreted 2°2,

Electrodeposition entails a range of other processes, including electroforming, anodic
electrodeposition, electrowinning, electroanalysis, electroplating, electro-precipitation, and
electropolymerization. In the electrodeposition of metal oxides in particular, three processes can
be readily distinguished: (i) electrode oxidation, in which the metal of the electrode’s surface is
oxidized, thereby forming an oxide or hydroxide layer on the substrate; (ii) anodic
electrodeposition, in which soluble precursors are electrochemically oxidized to insoluble
oxides (e.g., MnO, Fe,Os, and NiO); and (iii) electroprecipitation, in which oxides or
hydroxides are precipitated from the electrochemical generation of hydroxide ions. In
electroprecipitation, the oxidation state of metal ions—for example, ZrO,, ZnO, Ni(OH)., and

CeO>—does not change 12162932,
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Mechanism of electrodeposition of ZnO nanowires

The electrodeposition of ZnO is a process of electroprecipitation that involves the
electrochemical formation of hydroxide ions—that is, increasing the pH—on the surface of the
working electrode. As Zn?* ions react with hydroxide ions, the latter precipitate in the form of
Zn(OH).. However, at temperatures greater than 40 °C, Zn(OH); is dehydrated by a solid-solid
phase transformation, and as a result, the formation of ZnO occurs. The global reaction to obtain

ZnO by electrochemical deposition is as follows 28303337,

Zn** (aq) + 2 OH™ (qas) = Zn(OH)5(, = Zn0s (Eq.2)

In aqueous systems, the increase of the electrolyte’s pH, especially on the electrode—
solution interface, can be promoted by various reduction reactions, all of which are based on the
consumption of hydrogen ions or the generation of hydroxide ions by water electrolysis (Eq. 3),

hydrogen adsorption and absorption (Eq. 4), or the hydrogen evolution reaction (Eq. 5) 28:30:33.35;

2 HZO(l) +2e” - H2(g) + 20H™ (aq) (Eq 3)
H* (qq) + €~ = Hgqs 01 Hyps (Eq.4)
2H*(qq)+2e” - Hy(, (Eq.5)

Those processes can dramatically influence the electrodeposition of a variety of
materials and play an important role in the deposition of ZnO. However, the need to control
supersaturation and electrocrystallization during ZnO’s deposition, as well as due to
thermodynamic considerations, typically requires the use of precursors to manage the rising pH

in the electrode—solution interface. Although other precursors, albeit rarely, are used in aqueous
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solutions, three far more common precursors can be used to form ZnO nanowires: molecular

oxygen, nitrate ions, and hydrogen peroxide 283034,

(i)

(i)

Molecular oxygen: Oxygen is possibly the most widely used precursor for the
electrodeposition of ZnO. In that process, the first step is electrogenerating hydroxide ions
by reducing molecular oxygen (Eg. 6), such that hydroxide ions subsequently react with

Zn%* ions 30:33.35:

1
502 + HZO(I) + 2e” -2 OH_(aq and ads) (Eq 6)
(aq)

With a standard potential versus the standard hydrogen electrode (SHE) of 0.400
V, the strategy is green and produces no negative byproducts during electrodeposition. In
the presence of CI, it is also possible to form oxygen peroxide via a parallel two-electron
process, as well to form hydrogen peroxide, which can benefit the formation of ZnO. At
the same time, the kinetics and growth of ZnO nanowires can be easily controlled by
adjusting the electrochemical parameters. For the purpose of optimization, the oxygen
reduction reaction can be electrocatalyzed by using different substrates. In systems
involving molecular oxygen, Zn(Il) chloride is normally employed as a source of Zn(ll)
ions %335 Throughout the process, the low solubility of oxygen (8.3 mg-L* at 25 °C and
101.1 kPa), which significantly decreases as the temperature rises, is an important
limitation. In general, with molecular oxygen, electrodeposition is performed using
oxygen-saturated solution, during which slight oxygen bubbling is continuously
maintained; such bubbling can dramatically affect the morphology and architecture of
deposits and even make hard-template electrodeposition impractical 33,
Nitrate ions: The reduction of nitrate ions is an excellent source of hydroxide ions, one

that can be especially useful for the hard-template electrodeposition of ZnO nanowires or
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even more complex nanostructures. The generation of hydroxide ions is based on
Equations 7 and 8 28:34.35.38-40;

NO3 (o + H2O0) + 27 = NO7 (o1 +2 OH (aq and aas) (Eq.7)
NO3 (4 + 7TH20q) + 8 €™ —= NH{ . + 10 OH™ (aq and ads) (Eq.8)

The standard potentials of those reactions versus the SHE are 0.010 and -0.356 V,
respectively. The copious production of hydroxide ions can suppress the dehydration of
Zn(OH)., however, thereby leading to the formation of Zn(I1) nitrate hydroxide hydrate due
to the dominance of the reaction %:

Zn(NO3), + 4 Zn(OH), — Zng(NO3),(0H)g (Eq.9)

In systems involving nitrate ions, optimizing the kinetics of hydroxide ion
production is pivotal to avoiding the suppression of the dehydration of Zn(OH), and,
consequently, the formation of undesirable byproducts. The production of nitrite and
ammonia can also affect deposition due to their progressive accumulation in the deposition
bath 28:343540,

Hydrogen peroxide: Hydrogen peroxide is another outstanding source of hydroxide ions
due to its typical electrochemical reduction (Eq. 10) 354142,

H202(aq) + 2e” -2 OH_(aq and ads) (Eq 10)

The standard potential of that reaction versus SHE is 0.940 V. Hydrogen peroxide can be
an excellent alternative to molecular oxygen and nitrate ions, not only due to its high
solubility in agueous media but also because it does not generate unwanted byproducts
during reduction. However, hydrogen peroxide is photosensitive and easily decomposes in
the presence of various metallic ions and metals. In systems involving hydrogen peroxide,

Zn(11) chloride is commonly used as a source of Zn(ll) ions %443,
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In any case, because the standard potential for metallic Zn deposition is -0.760 V versus
SHE, an exceptionally large potential window for ZnO deposition using molecular oxygen,

nitrate ions, or hydrogen peroxide can be expected.

Alternatively, the deposition of ZnO in nonaqueous solutions such as dimethy!l
sulfoxide (DMSO) and tetrabutylammonium hydroxide may improve electrodeposition, not
only because the deposition of metal hydroxide does not occur in nonaqueous systems but also
because using higher deposition temperatures than in water is possible, which can enhance the
state of crystallization “48, According to the literature, the electrodeposition of ZnO in DMSO

is based on the following mechanism #6:4950;

02(501) + e - 02'(501) (Eq.11)

- ”e
20, (sol) 02(501) + 0; (sol) (Eq.12)
0%_(501) + Zn2+(501) - ZnOZ(s) (Eq.13)

1
ZnOZ(S) - Zn0) + > 02(500 (Eq.14)

Despite the advantages of using nonagueous solvents to deposit ZnO, the strategy is
rarely proposed due to the operation’s complexity and high costs relative to the potential

advantages.

Electrodeposition parameters

Several parameters of electrodeposition can affect the architecture, morphology, and properties
of electrodeposited ZnO. This section focuses on how such parameters influence the
electrodeposition of ZnO nanowires and nanorods using templateless or hard-template
electrodeposition and an aqueous bath. The major parameters, their effects, and the optimal

experimental conditions that should be considered prior to depositing ZnO nanowires or
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nanorods are summarized in Table 1 340435153 Although additional parameters should be

considered depending on the composition of the bath, the nature of the working electrode, the

design of the reactor, and final application, those parameters are beyond the scope of this thesis

work.

Table 1: Primary parameters of electrodeposition and their effects on the electrodeposition of

ZnO nanowires and nanorods.

Electrodeposition

parameter

Effect

Bath

temperature

Primarily controlled by bath temperature, the dehydration of the deposited
Zn(OH), starts at approximately 34 °C but increases considerably as the
temperature rises. At temperatures of 60-70 °C, the dehydration and thus
formation of ZnO are practically instantaneous *¢-3"%,

The solubility of molecular oxygen decreases as the bath temperature
increases, which significantly reduces the kinetics of the formation of
hydroxide ions 363754,

The kinetics of the decomposition of hydrogen peroxide increases
considerably with bath temperature 363754,

Crystallinity increases as the bath temperature rises; at 40 °C, crystalline
deposits can be obtained. The film’s texturation with the c-axis perpendicular
to the substrate surface is promoted at temperatures greater than 60 °C 363754,

Optimal bath temperatures range from 60 to 85 °C 36:37:%4,

Potential

Applied potential, both constant and pulsed, affects the concentration of

hydroxide ions adsorbed on the working electrode and consequently the
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nucleation and growth of ZnO. Owing to the effects of those processes, the
orientation of ZnO at a constant temperature can be easily modified. In
general, low and especially moderate applied potentials (i.e., >-1 V vs. SHE)
promote the (002) preferred orientation, which is crucial for the templateless
electrodeposition of ZnO nanowires 2. A strong relationship between the
directional growth along the (002) preferred orientation with the applied
potential is expected independent of the precursor used 40525559,

- The diameter and density of ZnO nanowires in templateless
electrodeposition increase as the applied potential increases; however,
potential less than -1 V versus SHE can affect the nanowire or nanorod
morphology 40,52,56,58,60—62.

- Potentiodynamic electrodeposition starting from the open circuit potential
(OCP) to more negative potentials or between two potentials can enhance
crystallinity. In potentiodynamic conditions, the rate of decreased or
increased potential determines the number of nucleation sites and, in turn,
nanowire density 40:52:56:58:60-62

- The kinetics of hydroxide electrogeneration is controlled by the applied
potential and concentration of the precursor (i.e., molecular oxygen, nitrate
ions, or hydrogen peroxide) 40-52:56.58.60-62,

- The optimum applied potential ranges from -1 to -0.6 V versus SHE

40,52,56,58,60-62

- The increased concentration of Zn(NQs), or H,O; strongly affects the
Precursor kinetics of hydroxide electrogeneration and thus the nucleation rate,
concentration saturated nucleation density, and crystallinity. For the templateless

electrodeposition of ZnO nanowires and nanorods, the (002) preferred
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orientation is promoted at low concentrations of the precursor, high bath
temperatures, moderate potentials, and short deposition times. For the hard-
template electrodeposition of ZnO nanowires or nanorods, higher
concentrations of the precursor can be used 38394363-68,

The optimal precursor concentrations for the templateless electrodeposition
of ZnO nanowires and nanorods are a saturated solution for molecular

oxygen, 2-5 mM for nitrate ions, and 2-10 mM for hydrogen peroxide

38,39,43,63,65,66,68-70

Zn(11)

concentration

The increase of [Zn?"] provokes a decrease in nanowire density and an
increase in nanowire diameter 38.39.43.63,65.66,68-73

The increase of [Zn?*] translates to a wider diameter distribution
38,39,43,63,65,66,68—70,72—74'

High concentrations of [Zn?*] (i.e., >10 mM) are not suitable for the

templateless electrodeposition of ZnO nanowires or nanorods 38:3%4363:65.66,68-

70,72-74

Supporting

electrolyte

KCI, K;S04, and KNOs are typically used as supporting electrolytes for the
electrodeposition of ZnO nanorods and nanowires. The presence of such
electrolytes influences the transport of Zn?* to the working electrode.
Whereas the increase of KCI and K>SO, concentration prompts a decrease in
nanowire or nanorod density, as well as slightly enhances crystallinity,
KNO; affects the orientation and shape of the nanorods or nanowires and

results in poor crystallinity 7.
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Templateless electrodeposition of ZnO nanowires

By permitting operational conditions to be fine-tuned, electrodeposition allows the synthesis of
well-crystallized hexagonal ZnO nanowires and nanorods with an exceptionally high degree of
verticality and orientation (Figure 1) 8%, In turn, ZnO nanowires and nanorods can be
deposited onto a wide variety of conductive and semiconductor substrates. Although their
definition, verticality, and orientation heavily depends upon the matching of the lattice
parameters and the crystal structure of the nanowires or nanorods and substrates, high-quality,
well-defined hexagonal ZnO nanowires and nanorods can indeed be directly electrodeposited
onto various substrates, including glass coated with indium-tin oxide (ITO) or fluorine-doped—
tin oxide (FTO). Moreover, such electrodeposition offers an easy, one-step process without the

ZnO seeding layer normally required in most alternative techniques 20887,

Figure 1: FE-SEM micrographs of templateless electrodeposited ZnO nanowires on (a) Au

substrates (Adapted with permission from &) and (b) ITO glass (Adapted with permission from

81).

By varying the operational conditions, many studies have focused on elucidating the

degree to which dense hexagonal ZnO or ZnO nanowire and/or nanorod arrays can be
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successfully electrodeposited. Most of those studies have revealed that the key parameter of the
origin of the different possible morphologies lies in the concentration of Zn(ll) in the
electrochemical media 838, Qverall, it has been concluded that the growth of such nanowires
and nanorods occurs only along the longitudinal axis when the diffusion of Zn(ll) species is
significantly less than the rate at which hydroxide ions are generated (Figure 2a). By contrast,
similar generation rates and diffusions of Zn(lIl) species have prompted the growth of ZnO

along the longitudinal and transversal axes (Figure 2b) 828,

Figure 2: Growth mechanism of ZnO nanowires and nanorods by electrodeposition based on the
model of the diffusion of Zn(ll) species. (a) The diffusion of the Zn(ll) ions is significantly less
than the electrogeneration of hydroxide ions. (b) The diffusion of Zn(ll) ions and the

electrogeneration of hydroxide ions occur at a similar rate. Adapted with permission from .

However, that simple model cannot fully explain the formation of well-defined
nanowires and nanorods when the concentration gradient of Zn(lIl) is maintained in the vicinity
of the electrode, in which lateral growth is expected according to the model of the diffusion of

Zn(11) species 128, That occurrence suggests that the critical parameter for defining ZnO
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morphology is the local pH at the electrode—solution interface. The pH determines the
speciation of the Zn(ll) ions, which is pivotal to understanding their adsorption and
electrodeposition 2. The model suggests that the two morphologies are formed at different pH
levels: dense films at pH close to neutral versus nanowires and nanorods in alkaline conditions.
The basis of the model rests upon the different speciation and interaction of the Zn(Il) species
that coexist at different pH levels 1220, As shown in Figure 3, the primary Zn(ll) species at a pH
close to neutral in a typical bath using nitrate ions, molecular oxygen, or hydrogen peroxide as a
precursor are Zn%*, ZnClI*, and Zn(OH)*. By contrast, in alkaline conditions, the dominant
species are hydroxide complexes such as Zn(OH)s  and Zn(OH)4> 2%, It is supposed that the
positively charged Zn(ll) species are electrostatically attracted to the negatively polarized
surface of the working electrode, which would facilitate the formation of ZnO nuclei, their
longitudinal and transversal growth, and, in turn, the formation of dense ZnO films. In alkaline
conditions, the predominant negatively charged Zn(ll) species are not electrostatically attracted
to the working electrode’s surface, which translate to a low deposition faradic efficiency.
However, it is also known that hexagonal ZnO has polar and nonpolar planes and that the top
polar plane is positively charged and exhibits high surface energy. Consequently, it is possible
that negatively charged Zn(1l) species as well as the hydroxide ions are preferentially adsorbed
on the top Zn-terminated (0001) polar plane of the hexagonal ZnO crystals, thereby resulting in

rapid growth along the longitudinal axis 2%,
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Figure 3: Speciation diagram of Zn(ll) ions in 0.1 M of KCl at 70 °C. Adapted with permission

from °,

Although the templateless electrodeposition of ZnO nanowires and nanorods seems to
necessitate the use of alkaline electrochemical media, the most widely used electrochemical
media have pH levels of approximately 7. Otherwise, Zn(OH): is precipitated *°. Understanding
why nanowires and nanorods can be deposited using non-alkaline electrochemical media
requires holistic thinking focused on the mechanism of nucleation and growth as well as the
conditions of the electrochemical bath. As shown in Figure 4, the first steps of the
electrodeposition of ZnO nanowires and nanorods is the electrodeposition of ZnO nuclei *°. The
initial pH at the interface of the electrode is nearly neutral, which indicates that Zn?* and ZnCI*
are more relevant Zn(ll) species. Under such conditions, the electrostatic attraction of positively
charged Zn(II) species to the electrode’s surface prompts the formation of ZnO nuclei, which
grow along the longitudinal and transversal axes. By contrast, the polar (0001) faces of

hexagonal ZnO nuclei promote the growth rate in the c-axis direction. Depending on the
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concentration of Zn(ll) ions, two situations can be expected 12*°. On the one hand, when the
concentration of Zn(l1) species is high, the electrogenerated hydroxide ions rapidly react with
positively charged Zn(II) species attracted to the electrode’s surface, which, following a
sufficiently long deposition, cause the formation of dense, continuous ZnO films. On the other,
when the concentration of Zn(ll) species is significantly low in relation to the generation of
hydroxide ions, the pH of the electrode’s interface progressively increases, which provokes the
dominance of Zn(OH); and Zn(OH),? ions and consequently results in the complete quenching
of the lateral growth. The growth in the direction of the c-axis is maintained due to the reaction
of negatively charged Zn(ll) species with the positively charged tetrahedron corners of

hexagonal crystals, which results in the formation of ZnO nanowires and nanorods 2%,

In summary, the morphology of electrodeposited ZnO depends directly upon the pH
near the electrode’s surface, which is intrinsically linked to the concentration of Zn(II). At the
same time, the depth of the nanowire or nanorod depends exclusively upon the time required to
hinder lateral growth—that is, the increase of local pH at values greater than 9 38, According
to the literature, smaller-diameter ZnO nanowires (i.e., 18-20 nm) obtained using templateless
electrodeposition have involved an aqueous solution of Zn(I1) chloride and molecular oxygen as
a precursor. The aspect ratio of ZnO nanowires or nanorods is determined by the deposition
time, whereas their density depends primarily upon the density of sites with energy favorable
for the nucleation of ZnO (i.e., the properties, reactivity, and affinity of the working electrode’s
surface). In that context, the density of nanowires is significantly greater when nanowires or
nanorods are electrodeposited onto a ZnO seed layer. Of course, the method has not been
restricted only to the deposition of well-aligned ZnO nanowires and nanorods on flat substrates
08189 During the past two decades, it has been frequently used to create complex architectures
based on the use of non-flat substrates or polymeric matrices covered with ZnO seed layers to

create so-called “hairy lattices” and “sea urchins,” among other elaborate architectures (Figure
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5) 99-%4 More recently, the hydrodynamic conditions during electrodeposition have been useful

in producing fractal fern-like microstructures, for the turbulent regime allows the formation of

new nuclei on the ZnO nanowires or nanorods. All of those factors can be modulated by

controlling different electrochemical parameters, including deposition potential and

concentration of electrolyte supports, and the hydrodynamic conditions during electrodeposition
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Figure 4: Mechanism of the electrochemical deposition of ZnO. Adapted with permission from

30 and 9.
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Figure 5: FE-SEM micrographs of (a) sea urchins (reproduced with permission from °1), and (b)
bioinspired microferns (reproduced with permission from ), all formed with ZnO nanowires

and nanorods.

Hard-template electrodeposition of ZnO nanowires

Due to its simplicity and robustness, hard-template electrodeposition is the most widely applied
strategy for electrosynthesizing polymeric, metallic, alloyed, or semiconducting nanowires or
nanorods, one that offers controlled properties and the controlled definition of shape 2%98-105,
The method also poses disadvantages, however, including problems with scalability and costs
associated with fabricating and removing templates 2%, In the context of ZnO, the hard-

template electrodeposition is less significant than the template-free electrodeposition.
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Against that trend, two strategies have been investigated for the hard-template
electrodeposition of ZnO nanowires. One entails electrodepositing Zn nanowires into hard
templates, primarily anodic aluminum oxide (AAQO) templates, which are posteriorly oxidized
by a thermal route in air or oxygen atmospheres in order to obtain ZnO nanowires %1971 as
shown in Figure 6. That strategy simplifies experimental conditions by allowing
electrodeposition to be performed at room temperature with significantly high rates of
deposition, even up to 1 pm-min~, depending on the bath’s composition. Even so, the lengthy
time (i.e., >30 h) required for posterior thermal treatment in oxidizing atmospheres at moderate

temperatures to obtain pure ZnO nanowires limits the strategy’s real applicability 4310,

As an alternative, the other strategy entails the direct electrodeposition of ZnO using
nitrate or hydrogen peroxide precursors in aqueous solutions at low concentrations of Zn(ll)
ions, as shown in Figure 6 2"°8111-114 " Although oxygen precursors are rarely used for ZnO’s
hard-template electrodeposition, the same limitations of its templateless electrodeposition,
including moderate deposition rates and optimal bath temperatures ranging from 60 to 85 °C,
occur nonetheless %1114 Moderate temperatures remain viable but promote the deposition of
Zn(OH),, which generally reduces the purity and quality of ZnO nanowires. The aspect ratio of
ZnO nanowires electrodeposited following that strategy usually ranges from 8 to 29 %%,
Meanwhile, the growth rates of ZnO nanowires for both templateless and hard-template
electrodeposition are similar ¢, Non-aqueous solutions, especially when AAO membranes are
used, have also been investigated in efforts to improve the quality and purity of ZnO depositions

or their function at room temperature 42,
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Figure 6: Schematic representation of the hard-template electrodeposition of ZnO via (i) Zn

deposition and posterior oxidation and (ii) direct ZnO electrodeposition.

The growth of Zn or ZnO nanowires inside the nanopores of hard templates occurs in
three stages that can be clearly identified in current—time curves (Figure 7). First, a nucleation
process involves the deposition of Zn or ZnO on the conductive layer of the bottom part of the
pores of hard templates, in a process usually identified by a drop in current density due to the
mass transport limited processes (Figure 7, region I). Second, a steady state zone arises that is
characterized by a pseudoconstant current density due to the spherical diffusion of Zn(ll)
(Figure 7, region I1). Third and last, a progressive rise in current density occurs (Figure 7,
region I11) owing to the overgrowth of nanowires when they completely fill the template
12117.118 - \Well-defined current-time curves provide detailed evidence about that growth

process.
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Figure 7: Current-time curve of ZnO nanowires deposited at 70 °C using an aqueous solution of
0.001 M ZnCl, + 0.04 M H;O, + 0.1 M KCI at -0.8 V versus Ag|AgCl and a schematic
representation of the diffusion mechanism of ZnO’s deposition. Adapted from '? with

permission.

The shape and alignment of ZnO nanowires electrodeposited using hard templates are
chiefly defined by the template’s dimensions and shape, or else its pores, either of which
translates into greater versatility. In the templateless electrodeposition of ZnO, electrochemical
parameters are optimized to control of the architecture (i.e., shape and dimensions of nanowires
or nanorods). By way of hard-template electrodeposition, the morphology, growth rate, and
surface porosity, among other characteristics, of ZnO nanowires and nanorods can be
significantly modified without affecting their architecture. A strong influence of experimental
conditions on the crystallinity, morphology, and properties has been established by varying the

deposition potential, precursor concentration, temperature, Zn(ll) concentration, templated
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substrate, and deposition time. Importantly, by varying the electrodeposition parameters, well-

defined ZnO nanotubes instead of nanowires or nanorods can be easily fabricated 106112118,

Electroless deposition of ZnO nanowires

Electroless deposition is a process of chemical reduction in which metallic ions are directly
reduced to metal by a reducing agent without the use of external electrical energy. Since 1946,
when Brenner and Riddel developed the first industrial version of the process, electroless
deposition has been widely applied due to its ability to produce excellent coatings, including on
nonconductive or irregular surfaces %121, Unlike other electrochemical deposition approaches
such as electrodeposition, it also allows the deposition of metallic coating on nonconductive

materials such as plastics.

In the process (Eg. 15), electrons are transferred through a catalytic surface by a
chemical reducing agent that acts as a simple electron donor. When metallic ions, acting as
electron acceptors, react with the electrons, metal can be deposited without using external

electrical energy 120122,
M{aq) + Red(aq) = M(s) + OX(ag) (Eq. 15)

Because the deposited metal acts as a catalytic surface for the subsequent deposition of
metal, electroless deposition is an autocatalytic process. Therein, as the deposited material
increasingly accelerates the deposition, the reducing agent becomes oxidized 12122, |n classical
electroless deposition, pure Ni, Co, Sn, Rh, Pt, Cu, Au, Ru, Pd, and Ag can be electrolessly
deposited as well as electrolessly co-deposited with Ni. During the past five decades, numerous
reducing agents have been extensively used, including amino boranes, sodium borohydride,
hydrazine, and sodium hypophosphite 120122, Although electroless deposition was originally

designed as a process for depositing metals, it has since emerged as a simple, scalable, low-cost
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process for depositing ZnO nanowires and nanorods, one especially relevant to growing

nanowires or nanorods on irregular, nonconductive, internal, and natural surfaces 6123124,

Mechanism

In 1996, Izaki et al. first proposed using electroless deposition to grow ZnO deposits 125
127 Compared with other strategies involving chemical bath deposition (e.g.,
hexamethylenetetramine-based processes), electroless deposition allows the direct preferential
growth of nanowires and nanorods without needing the otherwise necessary ZnO seed layer on
the substrate. The electroless deposition of ZnO nanowires and nanorods typically involves
using zinc nitrate as a precursor and dimethylamine borane (DMAB)—that is, (CHz):,NHBHs;—

as a reducing agent at 50-80 °C !, Thus, a plausible mechanism of deposition can be written

as 124,125,127,128:

cat
(CHs),NHBHs o) + 2 Hy0q) — HBO, (aqy + (CH3):NH 3 (aq) + 5 H (ag)

+ 6e~ (Eq.16)
N03‘(aq) + H,Oy+2e” - NOZ'(aq) +20H™ (aqgandadasy (EQ.17)

OZ(aq) +2 H20(l) +4e” ->40H" (aq and ads) (Eq- 18)

cat A
ZTl2+(aq and ads) +20H — ZTI,(OH)Z (s) - Zn0 (s) + HZO(l) (Eq 19)

Unlike electrodeposition, the electroless deposition of ZnO nanowires or nanorods is
possible on nonconductive substrates, including glass, polymers, or natural surfaces. Although
the oxidation of the chemical reducing agent (e.g., DMAB) requires a catalytic surface to be
initiated, such a surface can be easily provided by palladization, a process frequently used for

the electroless deposition of metals 12212%, Pd nanoparticles play a dual role as not only a catalyst
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for oxidating DMAB but also a nucleus for growing ZnO nanowires. Because the process is
autocatalytic, the previously deposited ZnO also catalyzes the oxidation of the chemical
reducing agent. In that process, the six electrons conveyed through the substrate’s catalytic
surface (Eq. 16) reduce the nitrate ions (Eq. 17) and/or the dissolved molecular oxygen (Eq. 18),
which induces the generation of hydroxide ions. In turn, the electrogenerated hydroxide ions
drive the precipitation of Zn(OH), which ZnO dehydrates in a solid—solid phase transformation
at moderate temperatures '2>12, In parallel, the electrogenerated HBO, (pKa = 9.24) and
(CHa)2NH;* (pKa = 10.77) can also help to maintain a pH near 9-10 in the substrate’s vicinity.
Although other precursors and chemical reducing agents can be used in the electroless
deposition of ZnO nanowires and nanorods, most studies to date have involved using zinc

nitrate and DMAB.

Electroless parameters

The chief parameters to be considered for the successful electroless deposition of ZnO
nanowires and nanorods appear in Table 2. Although other chemical reducing agents can be
used for the process, most published works report the use of DMAB. Likewise, the parameters
in Table 2 are based on the use of DMAB, because stronger reducing agents could suggest

alternative conclusions 6124127130141

Table 2: Primary parameters of electroless deposition and their effects on the electroless

deposition of ZnO nanowires and nanorods

Electroless parameter Effect
Concentration of - The concentration of DMAB, at low or moderate values (i.e.,
DMAB <50 mM), does not affect the morphology of nanowires,
which depends heavily on the concentration of Zn(ll) ions.
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Longitudinal growth—that is, (002) preferred orientation
growth—increased as the DMAB/Zn(11) ratio increased **°.

The optimal concentration of DMAB ranges from 4 to 50 mM.

Catalyst

Pd catalyzation is the most widely applied process for
activating nonconductive substrates for the electroless
deposition of ZnO. The deposition of Pd nanoparticles on
substrates allows the successful growth of ZnO nanowires or
nanorods, sometimes both, on Si, Au, glass, alumina,
polyethylene terephthalate substrates, cotton fabrics, polyester
textile materials, and polymeric spheres 136138139142

More cost-effective than Pd, Cu also presents excellent
catalytic activity for the oxidization of DMAB. Several studies
have demonstrated that Cu is an excellent substrate for
inducing the electroless deposition of well-defined ZnO
nanowires and nanorods. Indeed, ZnO nanowires have been
grown by using electrolessly deposited Cu or Cu fibers, cables,
or other Cu substrates 612714,

To the best of our knowledge, other metals (e.g., Ni) that can
catalyze the oxidation of DMAB can be used in the deposition
of ZnO films. The optimization of experimental conditions for
growing nanowires and nanorods remains to be investigated
129,143.

Although deposited ZnO will also catalyzes DMAB’s

oxidation, the process is slower than with Pd or Cu.
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Bath temperature

Longitudinal growth—that is, (002) preferred orientation
growth—as well as crystallinity increases as the temperature of
deposition rises *° . Texturation with the c-axis perpendicular
to the substrate’s surface is promoted at temperatures
exceeding 55 °C 140,

Optimal bath temperatures range from 70 to 85 °C.

Precursor

Cl- and SO4* ions adsorbed on Pd nanoparticles inhibit the
oxidation of DMAB when those nanoparticles are used as
catalysts 124,

ClO4 and NOs  ions favor the increase of pH in the substrate’s
vicinity to approximately 9, which itself favors the preferred
growth of nanowires in the c-axis direction. Meanwhile, CI- and
SO4% ions cause a slow increase in pH compared with NO3”
ions, which is detrimental for the deposition of ZnO 1,
Waurtzite ZnO with the (002) preferred orientation materializes
when ClO, and NOs™ precursors are used, whereas double salt
hydrates such as ZnsClz(OH)s-H20O and Zn4(S0.)(OH)e-5H,0
form when CI- and SO4* precursors are used, respectively 124,
The most adequate precursor for synthesizing well-defined
ZnO nanowires or nanorods is Zn(NOgz), 124127 whereas both
it and Zn(ClOa), can be used as precursors and as sources of
Zn(Il) ions.

The presence of dissolved oxygen affects the crystal growth of

ZnO nanowires by reducing their diameters relative to the
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diameters of nanowires created with deoxygenated solutions

124

Zn(11) concentration

The (002) preferred orientation growth is promoted at relatively
low or moderate concentrations of Zn(NOs),. Concentrations of
Zn(ll) ions exceeding 50 mM prompt the growth of dense,
compact ZnO layers with microplatelet morphology 207,

At low and moderate concentrations of Zn(NQOs)2, the lengths
of nanowires increase nonlinearly while their diameters
decrease linearly %2,

Optimal Zn(NOs), concentrations range from 1 to 50 mM.

Deposition time

The length and diameter of ZnO nanowires and nanorods
increase as deposition continues, and longer deposition times
cause ZnO films to be more compact .

The (002) preferred orientation is more important when ZnO

nuclei are formed than on a fresh Pd or Cu surface.

Electroless deposition of ZnO nanowires and nanorods

Electroless deposition has been proven to be an efficient, scalable, low-cost process for growing

ZnO nanowires and nanorods on various substrates, including nonconductive materials with

irregular shapes. Despite the need for a catalytic surface to effectively oxidate DMAB (Figure

8), which plays an important role in the transfer of electrons in order to electrogenerate

hydroxide ions, the columnar architecture of nanowires and nanorods depends heavily upon the

pH in the substrate’s vicinity. When the oxidation of DMAB is initiated (Eq. 16), the reduction

of NOs™ ions occurs (Eq. 17), and the pH in the substrate’s vicinity rises The presence of

dissolved oxygen also favors the increase of pH (Eq. 18) 24 At temperatures ranging from 70 to
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85 °C and at low or moderate concentrations of Zn(ll) ions (i.e., <50 mM), the pH in the
substrate interface progressively increases and ultimately hovers between 9 to 11 owing to the
multiple co-occurring processes. The formation of HBO; and (CH3)2NH_* species also plays an
important role in keeping the pH between 9 and 11, that fact is critical, for at pH levels higher to
9, the dominant Zn(ll) species are Zn(OH)s and Zn(OH)4? ions (Figure 3), which effectively
quench the lateral growth of the ZnO nucleus 2. The dominant negatively charged Zn(I1)
species are electrostatically attracted to the positively charged tetrahedron corners of hexagonal
crystals (Figure 8), which, in promoting growth in the direction of the c-axis, facilitates the

formation of well-defined ZnO nanowires and nanorods 8127128.133,136,139

chemical
reducing agent
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substrate c?lyst @
/ dspry  oHt
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deposition

nanowires
nanorods

Figure 8: Schematic representation of the electroless deposition of ZnO nanowires or nanorods.

Variation in the parameters of electroless deposition allows excellent control over the
length, diameter, aspect ratio, and growth density of ZnO nanowires and nanorods created.

During the past three decades, the process has been extensively used to deposit well-defined
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nanowires on different materials, including Pd-catalyzed glass substrates (Figure 9a) 1, Cu
mesh (Figure 9b) ¥, Cu cables (Figure 9c) 8, cotton fabrics (Figure 9d) **¢, and polymeric
spheres (Figure 9e) **. In short, electroless deposition represents an industrially applicable

strategy for synthesizing well-defined ZnO nanowires and nanorods.
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Figure 9: FE-SEM micrographs of ZnO nanowires deposited on (a) Pd-catalyzed glass
substrates (adapted with permission from *3), (b) Cu mesh (adapted with permission from 27),

(c) Cu cables (adapted with permission from ©), (d) cotton fabrics (adapted with permission
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from %), and (e) polymeric spheres (adapted with permission from %8).

Modification of ZnO nanowires

Despite the robust physical and chemical properties of ZnO nanowires and nanorods, the
structures are often modified in order to improve their performance in different applications or
to improve their stability, especially their photostability 144146, The modification of ZnO
nanowires and nanorods can have various objectives, although primarily seeks to enhance their
photosensitivity in the visible domain and to hinder the fast recombination of the
photogenerated electrons and holes in order to improve their quantum yield and minimize
wasted energy. The wide bandgap of ZnO nanowires and nanorods (E4 = approx. 36 eV)
requires an excitation wavelength in the UV domain (A <390 nm), which is incompatible with
the low percentage of UV light (<4.0%) in the solar spectra. Pure ZnO nanowires and nanorods
are thus highly limited to sunlight-driven devices. Beyond that, considering the costs of energy
consumption and concerns about sustainability, extending the photosensitivity of ZnO
nanowires and nanorods to visible light (42—43% of the solar spectra) and improving their
competiveness are both greatly needed undertakings %4749, The modification of ZnO is also
popularly pursued to hinder its high photocorrosion activity, especially in agueous media, or to
tune its electrical or magnetic properties. Of course, modification can have other goals, but they

are far less common 145146,

Among the many strategies for modifying ZnO nanowires, the most widespread and
effective are anionic doping (e.g., with C, N, and S), cationic doping (e.g., with Mn, Ni, Co, Bi,
Fe, K, and Mg), rare earth doping (e.g., Ce, Dy, Er, Eu, Gd, Ho, and Nd), co-doping,
semiconductor coupling, and surface decoration. In the context of the electrochemical
deposition of ZnO nanowires and nanorods, the doping and co-doping processes are frequently

performed simultaneously with the deposition of ZnO by modifying the composition of the
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electrochemical bath and the deposition conditions 9141, Surface decoration and
semiconductor coupling, which result in the formation of heterostructured nanowires, are
performed by subjecting the electrosynthesized nanowires or nanorods to an additional

treatment based on electrochemical, physical, chemical, or photochemical processes 7146149,

Properties of ZnO nanowires

As it was shown before, ZnO nanowires can be obtained by different approaches, using
templateless °"1 or hard-templates as anodic aluminum oxide (AAOQ) templates *? or
polycarbonate membranes 152153, etc... Depending on how ZnO nanowires are obtained, the
structural, morphological, optical and electrical properties are different. The application which
ZnO can be applied are directly connected by these properties. Furthermore, when ZnO is doped
or form part of a heterojunctions different properties and application can be achieved. This
section is focus on analyze the optical, photoluminescence, electrical and magnetic properties of
ZnO nanowires. The properties of ZnO can be tuned by the electrosynthesis conditions as such
as electrolyte, precursor concentration, bath temperature, applied potential, applied current

density, pulsed electrodeposition, deposition time, etc...

Crystallographic structure

ZnO presents wurtzite structure with a hexagonal unit cell with two lattices parameters, a and c.
In this structure, each Zn?* is tetrahedrally linked to four O% ions. There are two polar faces, the
[0 0 0 1] finished in Zn?* and the [0 0 0 1] finished in O%. The non-polar faces are the [1 1 2 0]
and [1 0 1 0], which have the equal number of atoms of Zn?* than O%. Figure 10 shows the ZnO
crystallographic structure and the example of one of the polar and non-polar faces of ZnO

hexagonal structure.
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When ZnO presents a preferred orientation along the c-axis, the growth is perpendicular
to the substrate’s surface, the material presents the [0 0 0 1] direction. In this case, the
semiconductor exhibits excellent electrical properties. It is well-known than in the case of
nanowires, for applications as such as solar cells, UV-photodetectors, light emitting diodes
(LED’s), etc...it is essential that the ZnO nanowires are oriented along the c-axis of the
structure, exhibits [0 0 0 1] direction, in order to have excellent electrical properties and then it
can be formed part of efficient devices. In the case of ZnO nanowires grown by
electrodeposition or electroless, the nanowires are normally polycrystalline, but in some cases
the deposition conditions were tuned in order to obtain nanowires highly oriented along the c-

axis of ZnO structure, in the [0 0 0 1] direction ®.

Polarface orc

[0001]Tc

c axis Non-polarface or m

a axi

Figure 10: Crystallographic structure of ZnO and the example of one of the polar and non-polar

faces of ZnO. Reproduced from ** with permission.
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Optical properties

Due to the wide band gap of ZnO (Ey~3.36 eV), this material is a perfect candidate for UV
applications and emission in the visible range. In this sense, it is important to study the optical
properties of ZnO nanowires electrodeposited using different approaches on the UV and Vis

ranges.

Referent to the optical properties of ZnO nanowires grown on flat substrate, different
studies are found in the literature. In 2010, Xu et al. reported high transmittance (90%) in the
visible wavelength range in ZnO nanorods vertically aligned arrays and a blue-shift in the band
gap when these nanorods are comparing with ZnO films *°. The same year, J. Elias et al.
published an increment of 30% in the reflectance when ZnO hollow urchin-like thin films were
compared with ZnO nanowires. These nanostructures were grown using polystyrene spheres
(PS) ! (see Figure 11). One year later, different band gap energies (3.23 and 3.29 eV) were
obtained when the diameter of ZnO nanowire arrays changes from 40 to 250 nm. This variation
in the diameter was due to the precursor used for the growth of the nanowires . An increment
in the reflectance from 10 to 20% was observed when ZnO nanowires were grown only

longitudinally and longitudinally and laterally .
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Figure 11. Total reflectance spectra of glass/SnO.:F/Zn0O free-standing nanowires samples and

ordered hollow urchin-like structure arrays. Each SEM images corresponds to its spectrum above.

Adapted from [75] with permission.

In the case of nanowires electrodeposited inside templates, the reflectance of ZnO
nanowires grown inside polycarbonate (PC) membranes were compared depending on the
applied potential used for the electrodeposition, obtaining a maximum value of 47% when more
negative potential was applied. An increment from 10% to 47% was reported when the potential

was reduced from -0.9V to -1.2V 1%,

Respect to doped ZnO nanowires, Lupan et al. reported the optical properties for Eu-
doped ZnO and Ag-doped ZnO nanowires. In the case of Eu, an increment of 10-15% in the
transmission was observed *8, However, when ZnO is doped with 3.7% of Ag, a reduction of
10% in the transmittance was reported compared with undoped ZnO **°, A similar behavior was
observed when Ag nanoparticles are used to decorate ZnO nanowires, a reduction in the
transmittance of 40-55% was measured when different concentration of Ag were incorporated

(from 1 to 3%) to ZnO nanowires °°.
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The optical properties of heterojunctions formed between ZnO and other materials as
ZnS, ZnSe, Cu0, a-FeOs was also reported in the literature. An increment of 5% in the
maximum absorbance was observed in the case of ZnO/ZnS core/shell hanowires compared to
ZnO nanowires 1, A reduction of 20% in the transmittance was obtained in the case of ZnO
(80%) nanowires respect to ZnO/ZnSe (60%) core/shell nanowires 2. A high reduction in the
band gap, from 3.34 to 1.7 eV, was reported when ZnO nanowires were compared with

ZnO/Cu,0 core/shell nanowires 163,

Photoluminescence properties

By photoluminescence measurements is possible to analyze the band gap of ZnO nanowires and
the defects of the material %41, ZnO nanowire arrays grown on ITO substrate exhibits a band
gap of 3.27 eV and a wide emission band in the yellow-orange region due to interstitial oxygen
%, In the case of urchin-like ZnO using PS spheres, three photoluminescence peaks were
observed at 3.23, 3.00 and 2.30 eV, corresponded to the recombination of free excitons at the
near-band edge of ZnO nanowires and the green emission associated with oxygen vacancies,
respectively 1%, Additionally, the photoluminescence of ZnO nanowires before and after an
annealing process under different conditions was investigated. ZnO nanowires before annealing
present a band gap of 3.26 eV at room temperature; however, after an annealing at 400 °C for 1
h in air, the intensity of the near band gap luminescence decreases and exhibits a narrower band.
Also, two more band appears at 2.55 eV and 1.85 eV, the first band is associated to zinc
vacancies and the second is due to an unidentified acceptor, which energy level is close to the

middle of the band gap *°’.

The photoluminescence of ZnO nanowires grown inside polycarbonate membranes was

also analyzed. Three different peaks were observed, at 350 nm (3.52 eV) due to the impurities
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of the nanowires, at 364 nm associated to the band gap, and 382 nm attributed to structural

defects in the crystal of ZnO 168,

Respect to the photoluminescence measurements of doped ZnO nanowires, few studies
were published. In the case of Cu-doped ZnO nanowires, the band gap was shifted from 382 nm
(for ZnO) to 394 nm (for Cu-doped Zn0O). No visible emission due to deep defects was found in
this kind of nanowires %°, A red-shifted in the band gap was observed for chlorine-doped ZnO
nanowires; additionally, a band located at ~ 600 nm (associated to surface defects) disappeared

when the nanowires are doped with CI 17,

In the case of heterojunctions, the photoluminescence of ZnO/PANI coaxial nanowires
was measured observing an important PL intensity increment respect to ZnO nanowires. Two
other peaks were also identified, at ~373 nm due to excite emission, and at 400 nm associated to
oxygen vacancies or zinc interstitial defects ’*. For Ag-decorated ZnO nanowires, a red-shift in
the band gap is observed and the PL intensity decreases *°. However, when ZnO nanowires are
coated with Ni, the green emission observed in ZnO nanowires is quenched 7. In the case of a
heterojunction between ZnO and a-FeOs, ZnO/a-FeOs core/shell nanowires exhibits three
peaks, at 387 nm related to the NBE emission in ZnO, at 515 nm due to green emission
associated to the combined effect of the band edge emission in a-FeOs; nanowires and zinc
vacancies from ZnO, and at 556 nm (yellow-green region) attributed to oxygen vacancy defects

in ZnO 173,

Building block properties

Exactly what do we mean when we talk about building blocks? A building block is a basic unit
of a construction or composition from which a larger entity or more complex structure is
developed. For future hierarchical architectures, ZnO nanowires are the most promising

building blocks due to methods that allow precisely controlling their morphology, composition,
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growth, structure, doping, and assembly, as well as their potential incorporation into other
materials °"1"4175 During the past two decades, multiple complex architectures have been
electrosynthesized using ZnO nanowires and generally show two interconnected,
simultaneously occurring levels. At one, each nanowire is an individual element used to build a
more complex structures, including urchin-like ZnO architectures; at the other, a set or array of
nanowires act as an individual building block. As a result, once a structure with many nanowires

is formed, it can later be integrated as a building block into a device 7617°,

To continue with the mentioned example, in urchin-like ZnO architectures each
nanowire mimics the spine of a sea urchin as a building block of such complex systems (Figure
12a). Urchin-inspired ZnO structures can also serve as building blocks in real devices (e.g., dye-
sensitized solar cells) thanks to their simple, scalable electrochemically based fabrication. The
urchin-like organization of ZnO nanowires can improve light scattering and provide a larger
surface area, both of which can be fine-tuned by controlling the dimensions of the

nanowires. 74175,
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Figure 12: Schematic representation of (a) urchin-like ZnO (adapted from 5! with permission)

and (b) ZnO microfern architectures (adapted from ¢” with permission).

Another example is the creation of fractal and branched ZnO nanowire-based
architectures frequently inspired by plants and/or leaves (Figure 12b). Those complex
architectures can be grown directly via electrodeposition in controlled conditions or result from
the assembly of individual ZnO nanowires 914418 In either case, the branched architectures
are formed by nanowire units and can be used globally as a building block for photochemical
and photoelectrochemical devices "8, The fractal and branched architecture of those units can
translate into the important enhancement of light trapping and absorption as well as improve the

architecture’s surface-to-volume ratio ¥'.

Possibilities for forming more complex architectures based on ZnO nanowires abound.

In particular, the simplicity of electrochemical methods, especially electroless processes, affords


javascript:void(0)
https://doi.org/10.1080/10408436.2021.1989663

Critical Reviews in Solid State and Materials Sciences Volume 47, Issue 5, Pages 772 — 805,
2022

https://doi.org/10.1080/10408436.2021.1989663

a wide range of possibilities for significantly improving the efficiency of new devices,

especially in applications that need to improve light absorption or increase the surface area.

Electrical properties

Since ZnO is a n-type semiconductor, in this section the electrical properties of this
semiconductor will be analyzed. Most of the electrical properties of ZnO nanowires were
measured in nanowires grown inside templates, doped-ZnO or heterojunctions due to in the first
case more uniform and large nanowires can be obtained. Respect to the ZnO nanowires grown
on a flat substrate, the intensity-voltage (I-V) curve was measured in ZnO nanowire arrays
grown on ITO, another ITO layer was deposited on the top of the nanowires, the electrical

resistivity was found to be between KQ-MQ 182,

Respect to the electrical properties of ZnO nanowires grown inside templates, it was
reported the growth of ZnO nanowires in PMMA lithography templates, these nanowires were
perfectly oriented along [0001] direction, and the contact for the electrical properties was made
using nanopillars of 100 um in length and 50 nm thickness of Ag. The intensity-voltage curves
show a non-linear behavior due to the Schottky contact at the Au-ZnO interfaces reaching 5-10
A when 1V was applied %, Also, ZnO nanowires grown inside PC membranes were measured,
a single nanowire was measured and aligned by electrophoresis, the electrical resistivity was
found to be 2.2-3.4-10 Q-m, in this case the electrical resistivity is very low comparing with
ZnO nanorods (p=10 Q-m) due to the electrophoresis process to suspense the nanowires on the
chip 8, In 2014, another study about the electrical properties of ZnO inside PC membranes was
published, the measurements were also performed in a single wire. In order to increase such
properties, several annealing treatments were applied at different temperatures, 200, 350 and
450 °C; an improvement in the transport properties was observed. For temperatures lower of

350 °C the I-V curves are not linear, while for temperature higher than 350 °C a strange
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decrease of electrical conductivity was observed. The best results in terms of devices behavior

was obtained when the annealed temperature was 350 °C **'.

In order to improve the transport properties of ZnO different elements were studied for
doping as such as Sn, Cl and Ag. Sn-doped ZnO nanowires exhibit an excellent emission
current stability and ~ 10 pA for 6h. The sheet resistance was 3 and 13 KQ for 0.5% and 2% Sn,
respectively 1%. In the case of Cl-doped ZnO nanowires, the I-V curves were measured using a
SPM (Scanning Probe Microscope) with a Pt-coated tip. For all ZnO:ClI nanowires quasi-
symmetric I-V response was observed common in semiconductors. A decrease of two orders of
magnitude in the electrical resistivity was obtained for the maximum CI doping in ZnO. The
electrical resistivity was found to be 1.9, 1.81, 1.79, 0.25, 0.051 and 0.019 Q-cm when a
concentration of NH4Cl used was 0, 0.005, 0.02, 0.05, 0.07 and 0.1 M, respectively *"°. In the
case of Ag-decorated ZnO nanowires, the 1-V curves show a rectifying behavior and a lower

current was measured for this king of nanostructures **°,

Different heterojunctions based on ZnO nanowires can be found in the literature. -V
curves of PEDOT:PSS and ZnO nanowires show a good rectifying behavior with a rectification
factor of 25 + 5 V °. Another heterojunction is the one composed of ZnO/a-FeOj3 core/shell
nanowires, the 1-V curves were obtained using an AFM tip (Pt-1Ir). The electrical resistivity of

this kind of nanowires was found to be 3.1:102 Q-m 73,

Magnetic properties

ZnO is a non-magnetic material, but can exhibit a magnetic character when ZnO is doped with
different magnetic materials as such as Cu, Co, Mn, Ni, Fe-Os. In this section, the magnetic

properties of ZnO nanowires doped with different materials and heterojunctions will be studied.
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Respect to the magnetic properties of ZnO nanowires deposited on flat substrates, the
magnetic hysteresis was compared between ZnO doped with Co, Mn and Cu. Saturation was
observed at ~ 2 KG for Mn and Co, and at ~ 1 KG for Cu. The observed response can be
identified as superparamagnetic; this behavior is interpreted as a ferromagnetic response of
small ferromagnetism domains whose Neel relaxation time is smaller than the typical

measurement time 84,

In the case of ZnO nanowires electrodeposited using a template, J-J. Gu et al. reported
the magnetic response of Co- doped ZnO nanowires using AAO templates after the deposition
and applying different annealed temperatures (400, 500 and 600 °C). The magnetic hysteresis
loops were measured in the parallel and perpendicular direction to the nanowire growth. Hc in
the parallel and perpendicular direction to the nanowire growth was found to be 1000, 590 and
925 Oe for as deposited nanowires, at 400 °C and 500 °C annealed temperatures, respectively.

Mr/Ms was 44% and 69% for nanowires annealed at 400 °C and 500 °C, respectively*°.

Referent to the heterojunctions, the magnetic properties of Ni-coated ZnO nanowires
were studied. The coercivity field and remanence ratio were 930 Oe and 15% while the
magnetic field was parallel to the sample surface, and 740 Oe and 9.2% for perpendicular to the
surface. In general, the ferromagnetic properties of ZnO/Ni core/shell nanowires are lower than

to ZnO/Co nanowires 1,

Piezoelectrical properties

ZnO nanostructures, especially nanowires, have significant potential for creating nanoscale
piezoelectric devices, the piezoelectric effect of which can convert a mechanical vibration into
an electrical signal, or vice versa 818 _QOwing to the nature of ZnO semiconductors, the

piezoelectric effect, the formation of Schottky barriers between the metal or conductive
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polymers and ZnO contacts, and ZnO’s relatively low toxicity, ZnO nanowires are excellent

candidates for designing nanogenerators *#-14.,

Piezoelectric nanogenerators based on ZnO nanowires with an estimated efficiency of
17-30% have been designed by Wang . Because the piezoelectric coefficient of nanowires
and nanorods exceeds the value obtained for bulk wurtzite ZnO up to their free boundaries 7,
the piezoelectric energy output of an individual nanowire in one discharge event was
approximately 0.05 fJ, whereas the output voltage on the load was approximately 8 mV. Those
values could be significantly enhanced if the resonance of nanowires could be induced 8192,
Growing ZnO nanowires on flexible polymeric substrates such as polyethylene terephthalate
(PET) substrates can be an efficient strategy for improving the piezoelectric outcome. For
example, ZnO nanowires on PET substrate yield 5-10-1°A without vibration, whereas a sample
with 2% bending with vibration at a low frequency yields approximately 2.5-10A, thereby
demonstrating that slightly bending a flexible substrate can improve the piezoelectric
performance 1. That approach possesses potential for powering nanodevices; however, the
output power of most developed direct current nanogenerators is remains too low to satisfy the
requirements for microelectronic devices. Recently, Sun et al. demonstrated that direct current
nanogenerators based on an array of two-layer ZnO nanorods with an equal c-axis direction can
significantly enhance the peak voltage and current density compared with pure ZnO-based
nanogenerators, thereby yielding a voltage output of 1.6 V and a current output of
approximately 16.4-10°A. That improvement is due to the formation of Schottky and Ohmic
contact at the top and bottom electrodes, respectively 194, Alternatively, the piezoelectrical
properties of ZnO nanowires can enhance the photocatalytic degradation of organic pollutants
via the piezo-driven separation of photo-generated electron-hole pairs due to the significant
suppression of the recombination process **. When a deformation is applied to ZnO nanowires,

electron-hole pairs migrate to the surface in the opposite direction due to the piezoelectric field.
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By coupling the piezoelectric and photocatalytic character of ZnO-based nanowires, that

dynamic is highly promising for water decontamination process %,

Pyroelectrical properties

The pyroelectric effect is defined as the change in the spontaneous polarization of materials as a
function of temperature %. ZnO-based nanostructures, especially nanowires and nanorods, are
of special interest in research due to the non-centrosymmetric wurtzite structure. In the specific
case of nanowires and nanorods, that effect is more important because changes in pyroelectric
polarization are generated at both ends of the c-axis of nanowires and/or nanorods via time-
dependent changes in temperature 1%, Those characteristics afford the possibility of using ZnO
nanowires and nanorods for designing more efficient photodetectors 1°71%, Alternatively, the
pyroelectric properties of ZnO nanowires can be used in thermocatalysis by combing of
pyroelectricity with electrochemical oxidation to decompose organic pollutants such as
rhodamine B, in which the pyroelectric effect enhances the efficiency of electrochemical

oxidation 1%,

Applications

Due to their properties, ZnO nanowires can be used in a wide range of applications, including
photocatalytic water treatment, photoelectrocatalytic water oxidation, antibacterial agents, solar
cells, UV-photodetectors, supercapacitators, batteries, nanosensing, hydrogen evolution, and
LEDs applications. This section discusses, the various applications of ZnO nanowires grown by

electrodeposition.
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Photocatalytic water treatment

Zn0O nanowires rank among the most promising photocatalysts for water-decontaminating
technologies, owing mostly to their high photocatalytic performance, low cost, and green
properties. However, the wide bandgap of ZnO nanowires, which limits the use of sunlight, and
fast recombination of photoinduced electron-hole pairs, as well as their highly photocorrosive
activity, hinder the practical application of ZnO nanowires. The fundamental principle of
photocatalysis relies upon the photoexcitation of electrons (ecg’) from the filled valence band
(VB) to the empty conduction band (CB), as shown in Figure 13, which forms positive holes

(hve*) and electrons on the surface of ZnO nanowires, as capture in Eq. 20 .

Zn0 + hv - ecg + hig (Eq.20)

That process is initiated when the ZnO nanowires or nanorods adsorb photons with
energies greater than the bandgap energies. Therefore, ZnO nanowires require an excitation
wavelength in the UV domain (i.e., A <390 nm), which limits the inexpensive use of solar light
irradiation, because less than 5% of the solar spectra is UV 8. The photocatalytic performance of
ZnO nanowires can be improved and extended to the visible spectrum, however, by doping or
another modification strategy (e.g., semiconductor coupling). Such modifications not only
extend the photosensitivity of ZnO nanowires to the visible domain but also reduce the high
recombination of electron—hole pairs as well as improve the properties of photostability.
Although intensive research has been performed to materialize solar-driven ZnO-based
photocatalysts during the past two decades, additional modifications remain necessary in order
to improve their photocatalytic activity under direct sunlight irradiation by reducing their

bandgap energies as well as minimizing their recombination losses °.
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Figure 13: General mechanism of the photocatalysis of ZnO nanowires.

Organic pollutants can be directly oxidized and mineralized into carbon dioxide, water,
and mineral acids by means of photogenerated holes or else indirectly oxidized and mineralized
in a reaction with the highly oxidizing reactive oxygen species previously formed (e.g.,
hydroxyl or superoxide radicals). Although the magnitude of publications and varying natures
of organic pollutants make it impossible to summarize even the major results of the effective
(i.e., photodegradation and/or mineralization close to 100%) use of ZnO-based nanowires for
water-decontaminating applications, most of those publications focus on the total photo-
oxidation of organic dyes, phenolic compounds, drugs, pesticides, and persistent organic
pollutants, because they are difficult, if not impossible, to remove with conventional water
treatment technologies 544, Beyond that, because inorganic ions found in industrial wastewater

are also toxic in some of their valence states, the photoreduction of metals to nontoxic forms or
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their removal from waste streams is also relevant to water decontamination, in which various
toxic heavy metals, including Ag(l), Cr(VI), Hg(ll), and Pt(ll), can be directly reduced into less

toxic species by reacting with the photogenerated electrons 144,

The photocatalytic performance of ZnO nanowires depends not only upon their
optoelectronic properties but also ZnO’s loading and structure, the concentration of pollutants,
the pH of the medium, the light’s wavelength and intensity, the temperature, and the effect of
other species on the reaction medium, among other factors. Although the general effect of those
variables is quite similar from one nanostructured material to the next, the photocatalytic
performance of ZnO-based photocatalysts is strongly affected by their architecture, including in
terms of shape and dimensions, which determines the specific surface area and hence the light-
trapping ability as well as ability to interact with pollutants. Within the range of nanostructured
materials, nanowires offer important advantages that significantly improve their global
photocatalytic performance as well as facilitate their integration into photoreactors. Nanowires
generally have lower specific surface areas than nanoparticles, whereas their growth can be
easily achieved on an array of substrates, including irregular surfaces. The possibility of
growing and being easily fixed on substrates significantly facilitates their reuse, thereby
bypassing the complicated recovery and pretreatment processes required by most
nanostructured materials, which are generally suspended in the reactant media °. Likewise,
nanowires can be building blocks for creating more effective architectures such as fractal
structures or biomimetic systems (e.g., fern microleaves and sea urchins), as described in
Section 5.4 9297200201 Composed of multiple nanowires, those complex architectures improve
the light-trapping ability of photocatalysts, facilitate pollutants’ access to the photocatalyst’s
surface, and enhance absorption independent of incident angles, which is especially important

for sunlight-driven devices.
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Despite intensive research during the past two decades on using ZnO-based nanowires,
further studies are needed to clarify and improve the performance of solar photocatalysts in
large volumes of real water as well as the incorporation of those nanostructures into the design

of effective photoreactors.

Photoelectrocatalytic water oxidation or reduction

The sunlight-driven photoelectrochemical splitting of water into hydrogen and oxygen on ZnO
nanowires and nanorods has attracted considerable attention in relation to overcoming the
technological limitations of producing hydrogen from carbon-free sources (e.g., H20). ZnO
nanowires are promising photoanode candidates due to their wide bandgaps, high electron
mobility, low onset potential, simple fabrication, and low cost 29229 However, the rapid
recombination of photogenerated electrons and holes, slow carrier transfer kinetics, and high
photocorrosive activity of ZnO nanowires result in poor energy conversion efficiencies 202208,
The photoelectrochemical process involves two electrodes: the photocathode and photoanode.
Whereas the photoanode is irradiated by light during the process, the photocathode is not, or at
least not necessarily. Instead, the photoanode adsorbs light to drive water oxidation, which
forms oxygen and protons, while protons are simultaneously reduced to form hydrogen at the
photocathode. The fundamental principle of photoelectrochemical water oxidation also relies
upon the photoexcitation of electrons from the filled VB to the empty CB when the photoanode
is irradiated by light that has energy greater than the bandgap of the ZnO nanowires or

nanorods’.

The limitations of ZnO nanowires can be overcome by modifying them via doping or
semiconductor coupling 2%-20_ Thus, extensive research has been conducted on synthesizing
effective ZnO-based nanowire arrays photoanodes using various methods 24, According to the

literature, to electrosynthesize ZnO nanowires, the formation of heterostructured ZnO-based
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nanowires or the decoration of their surfaces with metal nanoparticles or nanostructured oxides
seems to be more efficient than doping in terms of the performance of photoelectrochemical
water oxidation 2°2%, Nevertheless, doping approaches have demonstrated remarkable
effectiveness when other routes of synthesis are employed 2. For example, doping with Al ions
has been shown to improve the electrical conductivity of ZnO nanowires, whereas the
photoelectrochemical performance remained unchanged 2%. Even so, Mo-doped ZnO nanorods,
especially when assisted with cobalt phosphate, can significantly increase the photocurrent up to
250%, relative to pristine ZnO nanorods ‘. At the same time, the formation of ZnO@TiO2—
FeOOH core@shell nanowire arrays was shown to improve the photostability and photocurrent
density of nanowires, which were nearly 180% and 690% times higher than that of ZnO@TiO;
core@shell nanowires and ZnO nanowires, respectively 28, Surface decoration is another
promising approach to modification, as demonstrated by the preparation of ZnO nanorods
decorated with cobalt acetate, which effectively lowers the onset potential of the oxygen
evolution reaction and improves the photo-oxidation current of the oxygen evolution reaction by
fourfold 2%, Last, electrodepositing CosO4 nanocrystals on ZnO nanorods is another possibility,
one which exhibits enhanced oxygen evolution reaction activity with less overpotential and

more favorable kinetics 2%.

ZnO nanowires have also been applied for hydrogen evolution applications while
decorated with MoS; ?%° and in the case of ZnO/CdS/CuSbS; core/shell nanowire arrays 2%, In
the first case, M0.S/Zn0O achieved an efficiency of hydrogen evolution of 2.38 times higher than

ZnO nanowires 2%,

Antibacterial agents

Recent investigations into ZnO-nanostructured materials, especially nanoparticles, as

antibacterial agents with potential applicability in the food industry have shown that ZnO
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nanowires and nanorods exhibit not only significant antibacterial and antimicrobial activity but
also good biocompatibility with human cells. However, the various mechanisms proposed to

explain the antibacterial activity of such materials continue to be debated #1214,

According to the literature, four mechanisms may explain the antibacterial activity of
Zn0-based nanomaterials. The first involves the formation of reactive oxygen species such as
hydroxyl radicals, superoxide ions, or hydrogen peroxide, all of which can attack cell walls
(e.g., lipids and proteins), penetrate cells, and, in turn, inhibit or kill micro-organisms. In view
of that mechanism, numerous researchers have characterized the formation of reactive oxygen
species as the major cause of ZnO’s nanotoxicity. The second is the release of Zn(II) ions,
which significantly inhibits the active transport and disrupts the metabolism of amino acids and
the enzyme system. Several other researchers have demonstrated the potential effect of Zn(ll)
ions in media, in which their release depends heavily upon the physicochemical properties of
ZnO nanowires or nanorods, the media’s chemistry (e.g., pH and ionic strength), and external
stimuli (e.g., light irradiation). The third proposed mechanism maintains that the internalization
of nanowires or nanorods into bacteria effectively inhibits the energy metabolism of bacteria
and may cause mechanical damage, especially if external stimuli are applied. Fourth and finally,
electrostatic interactions between nanowires or nanorods and microorganisms may inhibit the
growth of microorganisms and can damage cell membranes 14211215 Of all of those
mechanisms, the most relevant seem to be the first and second—that is, the formation of
reactive oxygen species and the release of Zn(ll) ions 2. Although nanowires and nanorods
indeed exhibit great potential, nanoparticles are far more effective, because their antimicrobial
activity largely stems from the interaction of microorganisms and nanostructures, which is more

involved in the case of nanoparticles #2214,
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Solar cells

As it was explained in the section 5.2, due to the wide band gap of ZnO, the optical properties
of this semiconductor on the UV and VIS ranges are excellent for different applications as solar
cells, UV-photodetectors or light emitting diodes (LED’s). Depending on the architecture of
ZnO nanowires the light absorption can be improved. In this section, the solar efficiency of

these different architectures is analyzed.

ZnO nanowires grown by electrodeposition were extensively used as dyes sensitized
solar cell (DSSCs). Table 4 collected the solar cells characteristics of electrodeposited ZnO
nanostructures. In 2011, a comparison of the solar cell characteristics between bare ZnO
nanowires and branched ZnO nanowire arrays observing the highest solar efficiency (0.88%) for
branched ZnO nanowire arrays was reported 2. One year later, a comparison between ZnO
nanowires and ZnO hierarchical nanowires measured with different dye loading times (2 and 12
h) was studied, the efficiency was higher in the case of ZnO hierarchical nanowires and the
highest value (1.65%) was observed in the case of 2 h of dye loading time 2. In the literature, a
study where ZnO nanowires were deposited on ITO and an annealing at 150 °C for 1h was
reported, with a solar efficiency of 0.66% . The highest solar efficiency value, considering
only ZnO, published was 2.73% for ZnO nanoparticles network, this value was compared with
the solar efficiency (0.88%) of 5 um thickness ZnO nanowires 1. A solar efficiency of 0.66%
was observed for ZnO wires in nanosheets 216, For urchin-ZnO and ordered network of ZnO
hierarchical urchin, solar efficiencies of 1.33% "> and 0.80% 2!’ were reported, respectively. A
high solar efficiency value of 2.1% was observed of ZnO/ZnO core/shell nanowires 28, Also, in
the literature ZnO nanowires were deposited on a flexible substrate formed by PEN-ITO with an
efficiency of 1.48% 2°. The solar efficiency of ZnO nanowires electrodeposited into AAO
templates was also studied, measuring a value of 1.23% *. Other approaches were investigated

in order to increase the solar cell characteristics of ZnO nanowires as introducing HTMA in the


javascript:void(0)
https://doi.org/10.1080/10408436.2021.1989663

Critical Reviews in Solid State and Materials Sciences Volume 47, Issue 5, Pages 772 — 805,

2022

https://doi.org/10.1080/10408436.2021.1989663

electrolyte for performing the electrodeposition, a solar efficiency of 1.02% was reported when

9 M of HTMA was used for the growth of ZnO nanowires 2,

Table 4. Solar cells characteristics of electrodeposited ZnO nanostructures.

Type of nanostructure JSC/mAcm? | VOC/V FF 1/ % | Reference
Bare ZnO nanowires 3.04 0.37 0.29 | 0.32 2
Branched ZnO nanowire arrays 5.79 0.51 0.3 0.88 2
ZnO nanowires (2h) 4.09 - 0.58 | 1.45 8
ZnO nanowires (12h) 2.30 - 0.48 | 0.68 3
ZnO hierarchical nanowires (2h) 4.63 0.64 | 1.65 8
ZnO hierarchical nanowires 5.10 - 054 | 1.63 8

(12h)
ZnO nanowires/ITO 0.606 3.28 0.333 | 0.66 8l
(150 °C, 1h)
ZnO nanoparticles network 9.65 0.635 045 | 2.73 1
ZnO nanowires 4.23 0.554 0.37 | 0.88 1
(5 pm)
ZnO wires in nanosheets 7.35 0.23 0.40 | 0.66 216
Urchin- ZnO - 0.44 034 | 133 17
Ordered network of ZnO 2.97 0.57 0.47 | 0.80 217
hierarchical urchin
Zn0O/ ZnO 5.9 0.846 0.42 21 218
Core/shell nanowires

ZnO nanowires 1.5743 0.6688 | 0.3012 | 0.32 221
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ZnO nanowires/ 1.78 0.606 0.453 | 1.48 219
PEN-ITO
ZnO nanowires into AAO 4.8 0.64 0.4 1.23 4

(ordered nanowires)

ZnO nanowires grown in 3.91 0.655 0.44 | 1.02 220

HTMA (9M)

Several works have been published in the literature respect to the fabrication of dyes
sensitized solar cell (DSSCs) made by a heterojunction formed between ZnO and CuO/CuQ;
nanowires (see Table 5). K. P. Musselman et al. reported from 2010 to 2012 different studies
where CuO; films were electrodeposited on ZnO nanowires grown by electrodeposition on a flat
substrate. In this studies, different thicknesses of CuO; films were analyzed (between 2 to
3.5um) 222-224 The maximum solar efficiency (0.47%) was reached for a thickness of 3 um
CuO; films 22, However, a maximum solar efficiency (0.85%) was observed when a ZnO
bilayer was grown instead ZnO nanowires 24, Nevertheless, the highest solar efficiency (1.26%)
reported in the literature for this kind of heterojunctions was found when ZnO nanowires were
deposited on Cu,0 film 2%, Additionally, CuO film was grown on ZnO nanowires/ZnO film,
this film was deposited by ALD, the solar efficiency is not given by the authors; however, the

fill factor (FF) reported was 0.25 3,

Table 5. Solar cells characteristics of electrodeposited heterojunction formed between ZnO and

CuO/CuO2 nanowires

JSC/mA- | VOC/
Type of nanostructure FF n/ % Reference
cm2 \%
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Cuz0 (2um)/ ZnO nanowires 5.4 0.21 0.32 0.36 222
Cu20 (3um)/ ZnO nanowires 4.4 0.28 0.39 0.47 223
Cu20 (2-3.5um)/Zn0O nanowires - - 0.34 0.38 224
Cuz0 (2-4.5um)/Zn0O bilayer - - 0.48 0.85 224
ZnO nanowires/Cuz0 7.1 0.35 | 0.52 1.26 25
CuO/Zn0 nanowires/ZnO ALD 0.025 0.058 | 0.25 - 163

Other materials as CdSe 226227 CdS 2?7, perovskite 226, PMMA spheres ° or Pt 22° were

also used to form a heterojunction with ZnO in order to analyze the solar cells properties (see
Table 6). In the case of CdSe deposited conformal on ZnO nanowires, a solar efficiency of
0.5% was reported 2%, A comparative study of the solar cell characteristics between CdSe/ZnO
nanowires and a passivation layer deposited on the top of these nanostructures, CdS/CdSe/ZnO
nanowires, was performed observing an increment of 83.47% in the efficiency, from 0.39%
without the CdS passivation layer to 2.36% after the deposition of CdS ?#’. A solar efficiency of
1.48% was published for ZnO nanowires electrodeposited on PMMA spheres 2%°. Nevertheless,
the highest solar efficiency was observed for ZnO nanowires electrodeposited on a perovskite
(CHsNH3Pbls) and in the case of Pt-decorated ZnO nanowires with solar efficiencies of 10.28%

228 and 7.2+0.2% 2%, respectively.

Table 6. Solar cells characteristics of electrodeposited heterojunction based on ZnO nanowires.

JSC /mA VOC/
Type of nanostructure FF n/% | Reference
cm? \V
CdSe/ZnO nanowires
0.41 0.23 - 0.5% 226
conformal
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CdSe/ZnO nanowires 3.56 0.325 0.51 0.39 221
CdS/CdSe/ZnO nanowires 8.36 0.555 0.51 2.36 221
ZnO nanowires/PMMA
5.33 0.606 0.453 1.48 219
spheres

ZnO nanowires/CH3NHsPbls

2.2 - - 10.28 228
(Perovskite)

Pt-decorated ZnO nanowires 19+1 0.74 0.52+0.04 | 7.240.2 229

UV-Photodetectors

In the literature, there are few studies where the UV photodetector response of ZnO nanowires
was analyzed, most of the studies are referent to hybrid materials based on ZnO. A. Lamouchi et
al. published a comparative study between the photocurrent intensity of ZnO nanowires grown
on a flat substrate and ZnO nanowires grown on a ZnO seed layer. The photocurrent density
values were 0.13 mA-cm without the seed layer and 0.25 mA- cm2 without the seed layer .
The UV photoresponse of ZnO urchins have been compared to ZnO nanowires grown on a flat
substrate. The photocurrent was 20.51 + 0.25 and 36.81 £+ 0.16 A/W for ZnO nanowires and
ZnO urchins, respectively. This increment in the UV photoresponse was attributed to an excess

on oxygen/photodesorbed on barrier highs on grain boundaries under UV light 23,

Respect to the hybrid materials, the photoelectrochemical response was increased with
the incorporation of Ag (1, 1.5, 2 and 3%) in ZnO nanowires. The maximum
photoelectrochemical response was observed for the maximum Ag concentration (3%). An
increment from 0.05 to 0.13 mA-cmwas observed under UV illumination *°, An UV
photoresponse of lyvon/lyvoff ~ 1.48 was observed for ZnO:Ag rod-wire. Fast response and
recovery time of 0.98 and 0.87 s, respectively, was observed 222, An enhancement in the

photocurrent was observed when Au nanoparticles were deposited between ITO and ZnO
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nanowires 22, Different concentrations of Al (0, 0.1, 0.5, 1, 2 and 5%) were deposited by ALD
(Atomic Layer Deposition) on ZnO in order to see the effect of Al on the photocurrent, the
maximum photocurrent value was found to be 11.1 mA when 0.1% of Al was deposited on ZnO
nanowires 24, The UV photoresponse of CdSe/ZnO and ZnO nanowires was compared
observing a maximum photocurrent value for ZnO nanowires 2%, Furthermore, the photocurrent
of In,Se; was deposited on the top of ZnO nanowires forming a core-shell nanostructure was
analyzed. The photocurrent was enhanced from 2.3 to 5 mA-cm when In,Ses was deposited on
the top of ZnO nanowires *°. In addition, ZnO nanowires were used as sacrificial substrate for
the deposition of Cu.O inside CdSe nanowires. A photocurrent of 470 uA-cm was reported,

with three times better photosensibility 2%,

Supercapacitators

In the literature, a comparative study based on the supercapacitator response of ZnO nanocones
and nanowires was reported. ZnO nanocones exhibits a specific capacitance of 378.5 F/g at 20
mV/s of scan rate, which is almost twice that of ZnO nanowires (191.5 F/g) 2*’. In another

study, NisS; coated ZnO array present a specific of 1529 F/g at a current density of 2 A/g 2%,

Respect to heterojunctions, high-performance supercapacitators were reported for
Ni(OH>) nanoflakes on ZnO nanowires grown by pulsed electrodeposition with a large specific
capacitance of 1830 F/g, high energy density of 51.5 W-h/Kg and a high power density of 9
KW/Kg %°. The specific capacitances of 3D ZnO/MnO2 core/shell nanocables were found to be
537.8 and 613.5 F/g at a scan rate of 5 mV/s and a current density of 1 A/g, respectively 4. In
addition, ZnO microrods were used as sacrificial substrate in order to generate the
microstructure for Carbon nanospheres/Ni core/shell nanowires measuring the capacitance

properties of these nanostructure 240,
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Other applications

Batteries: ZnO nanowires were also used for batteries application as sacrificial substrate

240 C0304/Ni core/branch nanowires were evaluated as the anode for Li ion batteries .

Nanosensing : Nanosensing is another application of ZnO nanowires, these
nanostructures were applied as vacuum 2, glucose 2*2, melamine 243, NO, gas * or
hydrogen sensors 245, As NO; gas sensing, a response time of 120 s, a value four times
higher than in the case of thin films or nanorods, was reported 24, A sensitive value of
19.5 pA/Mm-cm?was published when ZnO nanowires were used as glucose biosensor 242,

Respect to doped ZnO nanowires, Al-ZnO was also used for NO, gas sensing 24,

Light Emitting Diodes (LED ’s): Due to the optical properties of ZnO nanowires, these
nanostructures are commonly used as light emitting diodes (LED’s). For such application,
it is necessary another material to have a n-p type union, where ZnO is the n type
material. A good rectifying behavior, with a rectifying factor of 25 £ 5 V, was reported
when ZnO nanowires were grown with PEDOT:PSS. This union was perfect for white-
light LEDs °. Cu-doped ZnO was also tested as color-tunable light emitting nanodevices
observing a violet-blue emission due to the shift in the band gap of 40 nm when ZnO is
doped with Cu respect to ZnO nanowires *°, Moreover, Ag-doped ZnO nanowires with
3.7% of Ag was analyzed as LED’s observing a UV-blue emission. Low emission
threshold of 5 V and a red-shift due to the Ag in the band gap was found **°. An
efficiency of 8.3% was measured for scintillator with light-guiding effect in ZnO

nanowires *.

Textile industry: ZnO nanowires applied to on cotton fabrics via electroless deposition

can serve as an ideal multifunctional coating for textiles **¢, because incorporating ZnO
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nanowires into fabrics and fibers in general takes advantage of the nanowires’ self-
cleaning, superhydrophobic, and UV blocking properties. Self-cleaning, water-repellent
textiles are highly promising for military applications as well as to prevent unwelcome
stains on clothes. The significant decrease in the transmission of UV radiation into fabrics
covered with ZnO nanowires is another important emerging area in the textile industry,

one aimed at protecting the human body from harmful UV sunlight irradiation 3¢
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Future scope and conclusions

This paper reviewed the synthesis of ZnO nanowires grown using electrodeposition and
electroless explaining both growth mechanism. ZnO nanowires can be electrosynthesis by
different approaches based on the use of templateless or hard-templates, these growth
mechanisms and approaches resulted in different morphologies/architectures of ZnO nanowires.
In conclusion, for the synthesis of ZnO nanowires, three electrolytes can be used, molecular
oxygen, nitrate ions and hydrogen peroxide. The electrodeposition parameters, which can be
changed in order to tune the architecture of ZnO nanowires are bath temperature, applied
potential, precursor concentration, Zn(Il) concentration and supporting electrolyte. In the case
of templateless electrodeposition ZnO nanowires, the morphology depends on pH at the
electrode’s surface, and consequently, on the Zn(II) concentration. The aspect ratio of the
nanostructures depends on the electrodeposition time. By hard-templates electrodeposition of
ZnO nanowires, the morphology, growth rate, filling ratio, and other characteristics of ZnO
nanostructures can be modified without affecting their architecture. Respect to the electroless
technique for growing ZnO nanostructures, their parameters allows an excellent control over
length, diameter, aspect ratio and growth density of ZnO nanowires and nanorods. This
technique represents a perfect industrial process for producing such nanostructures. In addition,
doped ZnO and heterojunctions based on ZnO are good candidates for extend even more the
properties of this material. The properties of these nanostructures depend strongly on the
architectures of the materials, consequently, also affect to the applications. In this review, the
crystallographic structure, optical properties, photoluminescence, electrical and magnetic
properties, and the stability of ZnO nanowires were analyzed. ZnO nanowires have been shown
to be a potential candidate for many applications as such as photocatalytic water treatment,
photoelectrocatalytic water oxidation or reduction, antibacterial agents, solar cells, UV-

photodetectors, supercapacitators, batteries, nanosensing, LED’s and for their use in textile
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industry. In conclusion, this work reviewed the electrosynthesis (electrodeposition and

electroless) of ZnO nanowires, and their properties and applications.
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Figure 1: FE-SEM micrographs of templateless electrodeposited ZnO nanowires on (a) Au

substrates (Adapted with permission from &7) and (b) ITO glass (Adapted with permission from

81).
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Figure 2: Growth mechanism of ZnO nanowires and nanorods by electrodeposition based on the
model of the diffusion of Zn(ll) species. (a) The diffusion of the Zn(ll) ions is significantly less
than the electrogeneration of hydroxide ions. (b) The diffusion of Zn(ll) ions and the

electrogeneration of hydroxide ions occur at a similar rate. Adapted with permission from ,
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Fraction

Figure 3: Speciation diagram of Zn(ll) ions in 0.1 M of KCl at 70 °C. Adapted with permission

from 20
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Figure 4: Mechanism of the electrochemical deposition of ZnO. Adapted with permission from

30 and 96.
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central trunk

Figure 5: FE-SEM micrographs of (a) sea urchins (reproduced with permission from °1), and (b)
bioinspired microferns (reproduced with permission from ), all formed with ZnO nanowires

and nanorods.
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Figure 6: Schematic representation of the hard-template electrodeposition of ZnO via (i) Zn

deposition and posterior oxidation and (ii) direct ZnO electrodeposition.
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Figure 7: Current-time curve of ZnO nanowires deposited at 70 °C using an aqueous solution of
0.001 M ZnCl, + 0.04 M H;O, + 0.1 M KCI at -0.8 V versus Ag|AgCl and a schematic
representation of the diffusion mechanism of ZnO’s deposition. Adapted from '? with

permission.
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Figure 8: Schematic representation of the electroless deposition of ZnO nanowires or nanorods.
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Figure 9: FE-SEM micrographs of ZnO nanowires deposited on (a) Pd-catalyzed glass
substrates (adapted with permission from *3), (b) Cu mesh (adapted with permission from 27),

(c) Cu cables (adapted with permission from ©), (d) cotton fabrics (adapted with permission
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from %), and (e) polymeric spheres (adapted with permission from %8).
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Figure 10: Crystallographic structure of ZnO and the example of one of the polar and non-polar

faces of ZnO. Reproduced from *>* with permission.
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Figure 11. Total reflectance spectra of glass/SnO.:F/ZnO free-standing nanowires samples and
ordered hollow urchin-like structure arrays. Each SEM images corresponds to its spectrum above.

Adapted from [75] with permission.
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Figure 12: Schematic representation of (a) urchin-like ZnO (adapted from 5! with permission)

and (b) ZnO microfern architectures (adapted from ¢” with permission).
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Figure 13: General mechanism of the photocatalysis of ZnO nanowires.
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