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Abstract: The aim of this study is to prove that resistive heating enables the synthesis of metal /metal
oxide composites in the form of core—shell structures. The thickness and morphology of the oxide
layer depends strongly on the nature of the metal, but the influences of parameters such as the time
and current profiles and the presence of an external field have also been investigated. The systems
chosen for the present study are Zn/ZnO, Ti/TiO,, and Ni/NiO. The characterization of the samples
was performed using techniques based on scanning electron microscopy (SEM). The thicknesses of
the oxide layers varied from 10 pm (Zn/ZnO) to 50 um (Ni/NiO). In the case of Zn- and Ti-based
composites, the growth of nanostructures on the oxide layer was observed. Micro- and nanoneedles
formed on the ZnO layer while prism-like structures appeared on the TiO,. In the case of the NiO
layer, micro- and nanocrystals were observed. Applying an external electric field seemed to align the
ZnO needles, whereas its effect on TiO, and NiO was less appreciable, principally affecting the shape
of their grain boundaries. The chemical compositions were analysed using X-ray spectroscopy (EDX),
which confirmed the existence of an oxide layer. Structural information was obtained by means of
X-ray diffraction (XRD) and was later checked using Raman spectroscopy. The oxide layers seemed
to be crystalline and, although some non-stoichiometric phases appeared, the stoichiometric phases
were predominant; these were wurtzite, rutile, and cubic for Zn, Ti, and Ni oxides, respectively. The
photoluminescence technique was used to study the distribution of defects on the shell, and mainly
visible bands (2-2.5 eV), attributed to oxygen vacancies, were present. The near-band edges of ZnO
and TiO, were also observed around 3.2-3.3 eV.

Keywords: resistive heating; metal oxides; core-shell composites; fast growth; defects

1. Introduction

Transition metal oxides (TMO) are becoming more important for society every day
because their properties grant them a huge versatility and applicability in a broad range of
fields. Applications such as the degradation of water pollutants, environmental remedia-
tion, the photocatalytic reduction of CO;,, the generation of organic light-emitting diodes
(OLED) or efficient high-power conversion devices are some examples which illustrate the
unavoidable urgency of improving these materials to advance towards a cleaner world,
one which has been poisoned and endangered by humanity [1,2]. Nevertheless, a deeper
comprehension of the physical phenomena is needed to transfer their properties to possible
applications, since these properties depend strongly on morphology, doping, composition,
intrinsic defects, etc. [2]. On the other hand, in most cases, to attain the optimal properties
it is necessary to properly combine the virtues of each TMO. This has led to the study of
composite materials, whose underlying idea lies in synergizing two different materials
to improve the properties of the resultant hybrid with respect to the features of each of
them separately. Although the possibilities for combining materials are almost infinite, the
“active” part in all TMO-based composites is the oxide. The most frequent geometries of

Materials 2024, 17, 208. https://doi.org/10.3390/ma17010208

https:/ /www.mdpi.com/journal /materials


https://doi.org/10.3390/ma17010208
https://doi.org/10.3390/ma17010208
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-5112-1185
https://orcid.org/0000-0002-3430-1990
https://orcid.org/0000-0003-0780-803X
https://doi.org/10.3390/ma17010208
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma17010208?type=check_update&version=1

Materials 2024, 17, 208

2 of 14

these composites are heterostructures, arrays of them, or core-shell structures [3,4]. In this
work, we will focus on zing, titanium, and nickel oxides because they share some features
that make them appealing to face some of the challenges of the present.

Zinc oxide (ZnO) has been known by humanity since time immemorial; however, its
uses have changed over time. Its most recent uses rely on its wide band gap (3.37 eV at
ambient temperature) and its large exciton energy (60 meV). ZnO is used in absorbers of
UV radiation introduced in clothes or tanning lotions, and even in solar cells [5-7]. It has
also been proved that ZnO has good resistance towards microorganisms and antimicrobial
properties, attributed to the generation of reactive oxygen species (ROS) [8]. Moreover,
ZnO has potential applications in highly demanding industrial areas including the devel-
opment of photo-catalysts for the degradation of pollutants. In the same vein, titanium
oxide (TiO,) is the best photocatalyst discovered so far, and this excellent property has
prompted thorough, extensive research. Other biomedical applications directly related to
the photocatalysis include air purification, water removal, drug delivery, and biosensors [9].
Its usage as bleacher and filler material is remarkable as well [10]. Titanium oxide plays
a crucial role both in photocatalysis and antimicrobial activity, but many questions still
remain open [11]. Finally, NiO is also studied in this work. Although NiO is also a very
promising material for most of the mentioned applications, it has not been so extensively
investigated [12].

The present work deals with the growth of core—shell structures (Zn/ZnO, Ti/TiO;,
and Ni/NiO) using the resistive heating method. This route has several advantages which
traditional synthesis does not have, such as a low cost, short growth time, and ease of use.
When an electrical current passes through a wire in ambient conditions, it heats up (in a
process called the “Joule effect”), and if the temperature is high enough, it oxidizes and
creates an oxide layer around it. This method has already been proved for ZrO;, ZnO,
and CuO [4,13,14]; although the growth mechanism is still controversial, diffusion and
electromigration are good candidates to control the oxidation process and the growth of
nanostructures [14-16]. In this work, we will investigate the influence of different fac-
tors on the morphology of the layer, mainly the time-current profiles and the application
of an external electric field. Exhaustive research concerning the optimization of control
parameters (time, electric current, external electric field) and the study of morphology,
crystalline structures, the chemical composition of the composite layer, and luminescence
properties has been performed. If the three oxides selected are very adequate to cre-
ate novel composites structures with improved catalytic properties (with photocatalysis
and gas sensing applications), then we must first assess whether the individual oxides
grown via fast Joule heating have the desired properties prior to the fabrication of more
complex systems.

2. Experimental Method

The experimental method that has been used to grow core-shell structures is illustrated
in Figure 1a. A metallic wire is set between two electrodes connected to a power source.
The electric current is driven through the wire, which causes a temperature gradient along
it and promotes its oxidation via the Joule effect [13]. In this way, an oxide shell can be
formed around the wire, yielding core-shell structures. The thickness of the layer depends
on the nature of the wire. To study the effect of an external electric field [17], a detachable
gadget is used, which consists of two movable metal plates, both perpendicular to the
wire axis. When two metallic plates have different voltages, an electric field is generated
between them, as shown in Figure 1b. This field is also uniform, and its modulus can be
calculated as E = V/d, where V is the voltage between the plates and d is their distance.
The voltage between plates can vary from 0 V to 210 V. In our case, we selected V =210V
and d = 2 cm, meaning E = 10,500 V/m; we then studied the effects of the electric field on
the part of the wire passing between the plates. This experimental set up has been used
previously, as reported by Hidalgo et al. [14,18] and Zhao et al. [19].
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a)

Figure 1. (a) Sketch of the experimental setup for growing samples. A wire (brown) is suspended
between two electrodes connected to a source (circle with a blue arrow symbol). Optionally, two plates
connected to the external source can activate an external electric field. The image design is adapted
from [13]; (b) Sketch of the setup providing the electric field (brown arrows). In the second row,
topographical images of (c) Zn wire, (d) Ti wire, and (e) Ni wire.

The shown polycrystalline metallic wires are commercially available (zinc (Thermo-
Scientific Chemicals (Waltham, MA, USA), X18F005), titanium (Goodfellow (Huntingdon,
England) TI00-WR-000123), and nickel (Goodfellow NI0O0-WR-000140)) with purities of
99.99%, 99.6%, and 99%, respectively. Some SEM images of the pure wires (Figure 1c—e)
have been taken. As will be shown later, there are no relevant impurities affecting our
results. The wire length (measured from one electrode to the other) is 10 cm and the
diameter is 0.25 mm in all cases.

The growth parameters influencing the oxide layer are mainly the current and time [17,20];
however, in this work, the effect of an external electric field during the formation of the
oxide shell was also studied. Figure 2 depicts a basic sketch of the current-time profile.
Firstly, the source supplying the electric current and, optionally, the electrical field generator
are switched on. Secondly, the current intensity driven through the wire is kept constant at
all times. Lastly, both the current and field, if present, sources are switched off. The first
step is the determination of the current and time conditions that optimize the growth of
the oxide layer. To study how they affect the formation, morphology, and structures of
the oxide layer, different sets of samples were prepared. Table 1 summarizes the growth
conditions of each wire. The nomenclature of samples has been chosen according to the
chemical symbol of the element composing the wire. If an external electric field was applied,
the name is indicated with an “E”. An electric field was applied only for the samples grown
under the optimum current and time conditions.
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Figure 2. Sketch of the general current-time profiles used to grow samples.

Table 1. Detailed conditions of growth for all samples sorted according to each family, where we
specify the intensity, circulation time of the current, and whether an external electric field was applied

during the growth.
Zn family Intensity Time Electric field on/ off
Znl 38A 35s Off
Zn2 38A 60s Off
Zn3 38A 80s Off
Zn4-E 38A 80s On
Ti family Intensity Time Electric field on/off
Til 27 A 30s Off
Ti2 27 A 60s Off
Ti3 27 A 100 s Off
Ti4 25A 180 s Off
Ti5 25A 300s Off
Ti6-E 25A 300s On
Ni family Intensity Time Electric field on/ off
Nil 55A 30s Off
Ni2 55A 60s Off
Ni3-E 55A 60s On

The characterization of the samples was performed using SEM techniques and optical
spectroscopy. Emissive mode images were taken using an FEI Inspect SEM (FEI Company,
Hillsboro, OR, USA). X-ray microanalysis (EDX) was performed using a Hitachi TM
3000 SEM (Japan) equipped with a Brucker AXS Quantax system (United Kingdom).
Microphotoluminescence (1-PL) and p-Raman spectra were obtained by means of a Horiba
Jobin-Ybon LabRAM HR800 (Horiba Jobin Yvon LabRAM HR800, Villeneuve d’Ascq,
France) with an excitation He—Cd laser source at 325 nm (PL and Raman) and an He-Ne
laser source at 633 nm (Raman). The crystal structure was studied using X-ray diffraction
using a PANalytical Empyrean with a Cu—-K line. The electrical field was applied using
a Keithley 2400 Sourcemeter (USA) as the power source, and the oxidation current was
supplied using an EA-PS 3016-40 B source (Viersen, Germany).
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3. Results and Discussion

The morphology and composition of the core/shell structures were investigated using
SEM (emissive mode and X-ray microanalysis, respectively). Figure 3 shows details of
the cross sections of wires from the Zn, Ti, and Ni families and maps the homogeneous
distribution of oxygen and the metal making up the core. As shown in the profiles, oxygen
is only detected at the boundary of the wire, whose existence proves the presence of an
external oxide layer. These mappings also enable us to calculate an estimation of the
thickness of each wire by averaging some of the radii of the oxide circular crown; those
belonging to the Zn family are approximately 10 pm thick, those in the Ti family are
30 um thick, and the widths of the oxide layers of Ni samples range from 40 to 50 pum,
approximately. X-ray microanalysis spectra of the wire shells (EDX) are shown in Figure 4.
Despite the variety of growth conditions, there are no differences between them, so we only
plotted one representative spectrum for each family. All spectra were recorded at 10 keV to
minimize the impact of the metal core on the recorded signal. The peak situated at 0.52 keV,
attributed to oxygen, is common to all spectra, proving the existence an oxide layer and,
consequently, the correct formation of a core-shell composite. There are also other peaks
common to all spectra, such as that at 0.27 keV, which corresponds to the K line of carbon
(©). In part a of Figure 4, peaks at 1.01 keV and 8.63 keV belong to the L, and K lines
of zinc (Zn), respectively, which agrees with the bibliography [21]. Part b of the figure
shows a typical spectrum of titanium oxide, as can be found in [22]. Peaks at 4.54 keV and
4.95 keV are attributed to the Ky and Kg lines of titanium (Ti). In part ¢, a peak at 0.84 keV
is observed which is associated with the L line of nickel (Ni). A shoulder around 0.77 keV
is also present and may be ascribed to the L-M shell transitions of nickel. The peak at
7.50 keV belongs to the K line of nickel. Finally, the small peak shown at 8.28 keV could
be ascribed to a Kq—M nickel shell transition. All these results agree with prior studies
concerning NiO [23]. In all cases, there are no peaks attributed to wire impurities. The main
difference between the spectra of the oxide layer and those of the core (not shown) lies in
the presence of the 0.52 keV peak characteristic of the oxygen constituting metal oxides.
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Figure 3. Sorted by rows, details of the cross sections of the (a) Zn family, (b) Ti family, and (c) Ni
family. In all cases, the columns show: a topographical image (left), the oxygen profile (center), and
the metal profile (right). The oxygen signal, larger at the outer surface, evidences the presence of an
oxide layer at the boundaries of the samples.
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Figure 4. EDX spectra of the surface of the wires belonging to the (up) Zn family, (center) Ti family,
and (down) Ni family. All spectra were recorded at 10 keV.

The expected crystal structures of the three oxides studied, generated using VESTA
4.6.0 [24], are shown in Figure 5.

Figure 5. Crystal structure of (a) ZnO wurtzite (Zn in grey, O in red), (b) rutile (Ti in blue, O in red),
(c) cubic NiO (Ni in grey, O in red).

XRD spectra of the samples were performed at grazing angle. However, due to the
cylindrical geometry of the samples and the surface of the layers, the spectra may seem
noisy. Figure 6a shows the spectrum of the Ti samples. In this case, we discovered peaks
from two phases: a rutile phase (blue) and a non-stoichiometric Ti 930> phase (green). The
more intense peaks (mainly 27.37° and 41.42°) are those which belong to the rutile phase
(Figure 5b), from which we can estimate its lattice parameters, a = 4.609 Aandc=2934 A,
in consonance with [25]. Figure 6b displays the XRD spectrum of the Ni samples. There,
the peaks marked with a red arrow (37.22°, 43.26°, and 62.91°) can be ascribed to the cubic
NiO phase (whose structure is shown in Figure 5c). The calculation of lattice parameters
for cubic NiO from XRD data yields a = 4.183 A, which agrees with the bibliography [26].
In the case of the Zn/ZnO system, the oxide layer is thin (<10 pm) and the XRD spectrum
shows only the peaks characteristic of Zn (Figure 6c); nevertheless, the presence of the
oxide layer was assessed using X-ray microanalysis, as previously discussed.
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Figure 6. (a) XRD spectrum of the Ti family; peaks are marked with arrows of different colours: blue
for rutile and green for a non-stoichiometric phase; (b) XRD spectrum of the Ni family; (¢) XRD
spectrum of the Zn family.

We also assessed the p-Raman spectra of samples from the Ti and Ni families; Figure 7
shows typical spectra for each family. Spectra were taken from the central region of the
oxide layer of the wires, since a better oxidation of the layers is expected in this zone. The
Raman spectra of the Zn family (not shown) were too noisy, and no information could be
extracted from them. It should be borne in mind that the ZnO layer was very thin, and
the depth penetration of the beam was likely larger than the thickness of the ZnO layer
itself. In these conditions, the energy would be mainly deposited in the metal core, from
which no Raman signal is expected. The main peaks of the Raman spectrum of the Ti
family are located at 144, 234, 447, and 612 cm L. The peak at 144 cm ! is attributed to
both the rutile phase (Bj; mode) and anatase (Eg mode) [27-29]. Peaks around 447 and
612 cm™! correspond to the E; and Ajg rutile modes. The origin of the band at 234 em™ !,
with a shoulder on 274 cm ™!, is not clear yet. It is usually ascribed to higher-order Raman
modes [27,28,30] or to some kind of disorder [29]. The Raman spectra, along with the fact
that the most intense peaks from XRD spectrum were from rutile, allow us to conclude that
the TiO, phase is almost entirely rutile. In the case of NiO, the main peaks are approximately
located at 553, 1092, and 1509 cm L. The first of them is associated with an LO mode in cubic
NiO and the second is related to a 2TO mode [31,32]. The wide band around 1500 cm ! is
due to two-magnon (2M) excitation [31,32]. The presence of these Raman modes confirms
that the cubic phase of NiO is grown, as suggested by XRD patterns.

Intensity (arb. units)

19

—— Ti family LO —— Ni famil
E, t)) y

2M
2L0

Intensity (arb. units)

100 200 300 400 500 600 700 500 1000 1500 2000

Raman shift (cm™) Raman Shift cm™)

Figure 7. Raman spectra of (a) the Ti family. Rutile modes are written in blue, while anatase modes
are written in orange; (b) the Ni family.
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Figure 8 shows typical p-photoluminescence spectra (1-PL) of the Zn, Ti, and Ni
families. Figure 8a shows a typical spectrum of ZnO with two clearly resolved bands:
one centred at 3.2-3.3 eV, associated with the near-band edge emissions of ZnO, and a
wide band (2-3 eV) in the visible region. This band is very complex because it exhibits
shoulders at 2.1, 2.25, 2.3. 2.55, and 2.84 eV and is commonly associated with lattice defects:
the most important of them are vacancies and interstitials of oxygen and zinc [33]. The
presence of defects related to oxygen vacancies and interstitials, similar to vacancies and
interstitials of metallic atoms, are common to metal oxides, meaning similar visible bands
can be expected in other metal oxides [34-38]. The band attributed to the near-band gap is
asymmetric and seems to be left-shifted from the centre, which could be due to the presence
of superficial states whose energy levels are a few meV below the bandgap. Finally, the
relative intensity of the visible band is higher than the intensity of the near-band edge. This
fact suggests two hypotheses. Either the ZnO layer is not thick enough to be emissive, as
the cross-section EDX maps show, or the density of defects is high enough to overcome the
Zn0 near-band edge in intensity. In Figure 8b we observe the spectrum of Ti samples, with
the UV peak corresponding to the TiO; near-band edge [39] and a wide band in the visible
region ascribed to trapped carriers in midgap states (usually created by defects in the lattice)
which recombine themselves with free carriers [39,40]. In this case, the higher intensity of
the TiO, near-band edge can be attributed to the larger thickness of the oxide layer. The
more TiO; is grown, the more the near-band edge transition is favoured. Moreover, the
visible band is similar to that of ZnO and is associated with oxygen and metallic vacancies
and interstitials, as previously mentioned. In this case, the shoulders were visually located
at 2.1, 2.15, 2.25, and 2.35 eV. Finally, Figure 8c shows a PL spectrum of the Ni family.
This spectrum is noisier than the others because nickel oxide is known to have poorer
luminescent properties. Here, we can see two main bands centred at 2.15 and 2.85 eV and a
continuum of intensity around 2.3-2.5 eV. Previous studies have determined that nickel
vacancies play a more important role than other defects, such as oxygen vacancies [41,42].
This hypothesis is plausible in our case, since the band corresponding to 2.15 eV, the most
intense in the spectrum, is usually attributed to nickel vacancies, whereas the second
band centred at 2.8 eV can be ascribed to oxygen vacancies [41]. The continuum emission
at 2.35-2.37 eV is often reported in the bibliography as a green band also generated by
nickel vacancies [43]. In our case, this band may have been redshifted to 2.15 eV due to
the presence of native defects or the particle size distribution [44]. The reason why the
near-band edge does not appear in Figure 8c could be the particle size distribution, which
could cause a shift of the near-band edge (usually 3.47-3.72 eV [43]) towards larger energies
(4.3 eV), as reported by [45].

a) Zn family b) — Ti family c) Ni family
2 z 2
= = 2
| b= | -3
g g g
s s s
2 2 2
@ @ 0
c [ =4 [ =
2 L 3
E 1S =
20 25 3.0 35 2.0 25 30 35 2.0 25 30
Energy (eV) Energy (eV) Energy (eV)

Figure 8. PL spectra from (a) the Zn family, (b) the Ti family, and (c) the Ni family.

In addition to the formation of the oxide shell, the growth of micro- and nanostructures
on it has been also investigated in all the families. Figure 9a,b show images from Zn1 and
Zn?2 topography. Both surfaces are covered by crystalline randomly oriented needles, as
reported in [4,46], and those of Zn2 are bigger those of Zn1. From that, we can conclude
that, at a fixed current, time impacts the length of the needles. Figure 9¢,d show images of
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Zn3 and Zn4-E to compare the effect of the external electrical field on the needles grown.
Some nanostructure needles are shown in Figure 9e. A brief sampling exhibits that the
average length of these microstructures is approximately 1.5 pm. While needles in Zn3
are randomly oriented, those in Zn4-E mainly point in a fixed direction (down right).
The main reason for the alignment of these needles is the establishment of a preferential
minimum-energy direction imposed by the electric field. The settlement of the electric field
is a constant source of infinite energy during the growth, so this direction minimizes the
energetic cost for needles to grow. In other words, the nucleation of needles in this direction
occurs in this way because the system gets “free energy” from the electric field and growth
in any other direction would cost more energy. The number of needles does not seem to
change with the application of the field.

Figure 9. SEM images of the surfaces of (a) Znl, (b) Zn2, (c) Zn3, and (d) Zn4-E, and (e) detail of Zn3.

Figure 10a—c show details of the Til, Ti2, and Ti3 surfaces. As shown, there are
some randomly oriented prism-like structures whose size does not appear to change
much. However, the number of structures increases with time. The same fact applies to
Figure 10d,e due to the boost of needles on the surface of Ti5 in relation to Ti4 under the
same current conditions. Nevertheless, it is worthwhile to compare Figure 10c,d to samples
Ti3 and Ti4. Apart from the smaller number of crystalline structures grown on Ti3, they
seem to be bigger, better formed, and more clearly defined than those grown on Ti4. Since
Ti3 was grown at higher current but in less time than Ti4, we can conclude that, in this
case, current conditions are more critical than time. Finally, Figure 10e,f show the effect of
an external applied field on samples Ti5 and Ti6-E, respectively. No differences between
the microstructures are observed, but those of Ti6-E appear in a manner that suggests a
favoured growth axis. The circle inset in Figure 10f shows that prisms tend to coalesce. This
fact might be imputed to the application of the external field: the polar faces can be merged
to minimize the total energy of the system, as will be shown in the scheme of Figure 12b.

Figure 11a shows the morphology of Nil, while Figure 12b,c, show those of Ni2
and Ni3-E. In this case, unlike in the Zn and Ti families, no elongated microstructures
grow on the NiO layer, although the formation of microcrystals is observed, resembling the
morphologies expected for samples grown using conventional thermal treatments [23]. This
fact could be imputed to the cubic lattice of NiO. As previously mentioned, the existence of
several equivalent preferential growth directions would explain why the growth is similar
in all directions and, in particular, why there are no height differences between them.
Time also seems to determine the size of grains: those from Ni2 samples (Figure 11b) are
bigger than those from Nil (Figure 11c). To explain this fact, we suggest that small grains
coalesce as time passes, which would be in concordance with typical sintering processes.
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The application of an electrical field appears to have little effect on the morphology, as
predicted, since Ni2 and Ni3-E (Figure 11c,d) show no significant differences between them.
However, it could influence the boundaries between grains. Figure 11d shows a detail of
a triangular grain. Unlike grains of Nil and Ni2, the upper grain boundary of this one
is saw-toothed. Moreover, the distance between spikes is nearly always the same. This
geometry has not been observed in other grains of Ni samples but only in Ni3-E. The main
hypothesis that we sustain is that this spiky boundary is grown in this way to minimize the
surface energy of the boundary due to the existence of an energetically favoured direction
created by the electric field.

Figure 10. SEM images of the surfaces of (a) Til, (b) Ti2, (c) Ti3, (d) Ti4, (e) Ti5, and (f) Ti6-E. The
white circle in (f) highlights the coalescence of blocks by eliminating boundaries.

It is a well-established fact that the morphology of the structures is determined by
the existence of privileged growth directions. The preferential directions are those that
minimize the area of the most energetic faces so that the surface energy is minimized. For
instance, in ZnO, the basal planes have a higher energy; therefore, to minimize the surface
area, the growth occurs along the c-axis. In contrast, the presence of several energetically
equivalent faces would imply the lack of a preferential growth direction. However, an
external energy supply could modify the growth conditions. In crystals with polar planes,
i.e,, planes in which only one type of ion is exposed, the presence of an external field could
favour certain growth directions to a greater extent. Figure 12a depicts a basic scheme
of this situation. Another mechanism involving the polarity of the faces could be the
coalescence of different crystals at their polar most surface-energetic faces to minimize the
energy of the system, as shown in Figure 12b. In ZnO, the preferential growth direction is
perpendicular to the basal (001) faces (Figure 12c), which are polar [47]. In titanium oxide,
the preferential growth directions are (110), (111), and (311), although the most stable is
(110) [48]. Figure 12d,e shows a detail of the (110) and (111) planes on a rutile cell. As
can be seen, both faces are polar because they only contain atoms of the same element,
and, consequently, the net charge of the plane cannot be zero. From that we may conclude
that the electric field would induce additional effects on the morphology. The preferential
growth directions for NiO are (100) and (110) [49]. The (100) plane, shown in Figure 12f, is
non-polar, as it contains nickel and oxygen atoms, and it has some equivalent planes such
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as (010) and (001); consequently, it is not expected that these growth directions are favoured
by an external field. This simple model can explain why Zn needles are aligned by the
action of the field, Ti blocks coalesce in presence of it, and Ni grains are not substantially
changed by its application.
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Figure 11. SEM images of (a) Nil, (b) Ni2, and (c) Ni3-E; (d) detail of the saw-toothed edge of a
Ni3-E grain.

Figure 12. Mechanisms to minimize the total energy of the crystal: (a) by growing perpendicular
to more surface-energetic faces (red faces), so that the total energy of the crystal is diminished by
growing less surface-energetic side faces (green faces); (b) by joining two different crystals on the
most surface-energetic faces (red faces); (c) (001) plane on wurtzite ZnO; (d) (111) plane on rutile,
(e) (110) plane on rutile, and (f) (100) plane on cubic NiO. The arrows in (c—f) show the coordinated
axis of each cell.
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4. Conclusions

Zn/ZnO, Ti/TiO,, and Ni/NiO core-shell structures were grown via the thermal
oxidation of pure metal wires. The thickness of the layer was calculated by averaging the
radii measured at different points of the shell. For Zn/ZnO wires, the thickness was 10 pum;
for Ti/TiO, wires, it was about 30 um; and for Ni/NiO, it was roughly between 40 and
50 um. In all composites, we obtained an oxide shell supported by the presence of the K
O line in EDX spectra. The other peaks which appeared are characteristic of each material.
The crystalline phase of TiO, composites is mainly rutile, while NiO one is cubic, evidenced
by the XRD and Raman spectra. For ZnO, the phase could not be determined via structural
analysis; however, PL investigations suggested the existence of crystalline areas within the
oxidized layer. Luminescence spectra of ZnO and TiO, show a broad visible band, typically
associated with lattice defects, and another UV band related to the near-band edge, while in
NiO the bands could be mainly related to nickel vacancies. The morphologies of the Zn, Ti,
and Ni families were studied, and critical factors such as current, time, and the application
of an external electric field were investigated to optimize the growth conditions. The Zn
family forms needle-like structures, the Ti family creates prism-like structures, and the Ni
family does not generate structures upwards, but the surface shows microcrystals similar
to those normally synthesized in traditional sintering treatments. Along general lines, we
can claim that current has more of an influence than time on crystalline quality, although
small variations are also observed when time is modified in identical current conditions.
The external electric field has an important role in changing the morphologies of ZnO and
TiO, composites because of the establishment of a preferential growth direction. In the
Zn family, needles are aligned with the field because it favours a minimal-energy growth
direction; in TiO,, the application of an external field could promote the coalescence of
blocks at polar preferential-growth faces. In the Ni family, the external field does not affect
the morphology of grains but it influences the formation of spiked edges.

Author Contributions: Conceptualization, A.U. and PF,; Methodology, J.ER.-J., A.U. and P.E,; Valida-
tion, P.F.; Formal analysis, ] ER.-J., A.U. and P.E; Investigation, ].ER.-]., A.U. and P.F; Data curation,
J.ER.-]J.; Writing—original draft, ]. ER.-J.; Writing—review & editing, A.U. and P.F. All authors have
read and agreed to the published version of the manuscript.

Funding: The authors are grateful to the Comunidad de Madrid for support via the Project PR65/19-
22464 (Proyectos de I+D para jévenes doctores).

Data Availability Statement: Data are contained within the article.

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

References

1.  Meyer, J.; Hamwi, S.; Kroger, M.; Kowalsky, W.; Ried], T.; Kahn, A. Transition metal oxides for organic electronics: Energetics,
device physics and applications. Adv. Mater. 2012, 24, 5408-5427. [CrossRef] [PubMed]

2. Danish, M.S.S.; Bhattacharya, A.; Stepanova, D.; Mikhaylov, A.; Grilli, M.L.; Khosravy, M.; Senjyu, T. A systematic review of
metal oxide applications for energy and environmental sustainability. Metals 2020, 10, 1604. [CrossRef]

3.  De Prado, E.; Florian, C.; Sotillo, B.; Siegel, J.; Solis, J.; Fernandez, P. Optical spectroscopy study of nano-and microstructures
fabricated by femtosecond laser pulses on ZnO based systems. CrystEngComm 2018, 20, 2952-2960. [CrossRef]

4. Urbieta, A.; Sdnchez, V.; Fernandez, P,; Piqueras, ]. Fast Growth of Undoped and Sn-and Tb-doped ZnO Nanowires by Joule
Heating of Zn. CrystEngComm 2018, 20, 4449-4454. [CrossRef]

5. Uikey, P,; Vishwakarma, K. Review of Zinc Oxide (ZnO) Nanoparticles Applications and Properties. Int. |. Emerg. Technol. Comput.
Sci. Electron. 2016, 21, 976-1353.

6.  Malhotra, S.PK.; Mandal, T.K. Zinc oxide nanostructure and its application as agricultural and industrial material. Contam. Agric.
Environ. Health Risks Remediat. 2019, 1, 216-226. [CrossRef]

7. Ji,S; Ye, C. Synthesis, Growth Mechanism, and Applications of Zinc Oxide Nanomaterials. Artic. J. Mater. Sci. Technol. Shenyang
2008, 24, 457.

8. Mirzaei, H.; Darroudi, M. Zinc oxide nanoparticles: Biological synthesis and biomedical applications. Ceram. Int. 2017, 43,
907-914. [CrossRef]

9.  Ghosh, S.; Das, A.P. Modified titanium oxide (TiO;) nanocomposites and its array of applications: A review. Toxicol. Environ.

Chem. 2015, 97, 491-514. [CrossRef]


https://doi.org/10.1002/adma.201201630
https://www.ncbi.nlm.nih.gov/pubmed/22945550
https://doi.org/10.3390/met10121604
https://doi.org/10.1039/C8CE00436F
https://doi.org/10.1039/C8CE00838H
https://doi.org/10.26832/AESA-2019-CAE-0171-016
https://doi.org/10.1016/j.ceramint.2016.10.051
https://doi.org/10.1080/02772248.2015.1052204

Materials 2024, 17, 208 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.
31.

32.

33.

34.

35.
36.

37.

38.
39.

40.

Sibum, H. Titanium and Titanium Alloys—From Raw Material to Semi-finished Products. Adv. Eng. Mater. 2003, 5, 393-398.
[CrossRef]

Qi, K.; Cheng, B,; Yu, J.; Ho, W. Review on the improvement of the photocatalytic and antibacterial activities of ZnO. J. Alloys
Compd. 2017, 727, 792-820. [CrossRef]

Narender, S.S.; Varma, V.V.S,; Srikar, C.S.; Ruchitha, J.; Varma, P.A.; Praveen, B.V.S. Nickel Oxide Nanoparticles: A Brief Review of
Their Synthesis, Characterization, and Applications. Chem. Eng. Technol. 2022, 45, 397-409. [CrossRef]

Ramos-Justicia, J.E; Ballester-Anddjar, ].L.; Urbieta, A.; Fernandez, P. Growth of Zr/ZrO, Core-Shell Structures by Fast Thermal
Oxidation. Appl. Sci. 2023, 13, 3714. [CrossRef]

Piqueras, J.; Hidalgo, P. Growth of Metal Oxide Nanostructures by Thermal Oxidation of Metals Under Influence of External
Electric Fields and Electric Current Flow. Phys. Status Solidi (A) Appl. Mater. Sci. 2021, 218, 2100323. [CrossRef]

Yuk, ].M.; Kim, K.; Lee, Z.; Watanabe, M.; Zettl, A.; Kim, T.W.; No, Y.S.; Choi, W.K.; Lee, ].Y. Direct fabrication of zero-and
one-dimensional metal nanocrystals by thermally assisted electromigration. ACS Nano 2010, 4, 2999-3004. [CrossRef] [PubMed]
Choopun, S.; Hongsith, N.; Wongrat, E. Metal-oxide Nanowires by Thermal Oxidation Reaction Technique. In Nanowires; InTech:
Munich, Germany, 2010.

Hauser, J.S.; Schwichtenberg, J.; Marz, M.; Stirgers, C.; Seiler, A.; Gerhards, U.; Messerschmidt, F.; Hensel, A.; Dittmeyer, R.;
Lohneysen, H.V.; et al. Controlled electromigration and oxidation of free-standing copper wires. Appl. Phys. A 2016, 122, 1068.
[CrossRef]

Rodriguez, B.; Hidalgo, P,; Piqueras, J.; Méndez, B. Influence of an external electric field on the rapid synthesis of MoO3 micro-and
nanostructures by Joule heating of Mo wires. RSC Adv. 2020, 10, 11892-11897. [CrossRef]

Zhao, C.; Xue, Y,; Jin, Y. Effect of electric field on Fe,O3 nanowire growth during thermal oxidation. Mod. Phys. Lett. B 2016,
30, 1650054. [CrossRef]

Balakrishnan, V.; Dinh, T.; Phan, H.-P; Dao, D.V.; Nguyen, N.-T. A generalized analytical model for Joule heating of segmented
wires. J. Heat. Transf. 2018, 140, 072001. [CrossRef]

Rekha, K.; Nirmala, M.; Nair, M.G.; Anukaliani, A. Structural, optical, photocatalytic and antibacterial activity of zinc oxide and
manganese doped zinc oxide nanoparticles. Phys. B Phys. Condens. Matter 2010, 405, 3180-3185. [CrossRef]

Du, G.H.; Chen, Q.; Che, R.C,; Yuan, Z.Y.; Peng, L.-M. Preparation and structure analysis of titanium oxide nanotubes. Appl. Phys.
Lett. 2001, 79, 3702-3704. [CrossRef]

Marciu$, M.; Risti¢, M.; Ivanda, M.; Musi¢, S. Formation and microstructure of nickel oxide films. J. Alloys Compd. 2012, 541,
238-243. [CrossRef]

Momma, K.; Izumi, F. VESTA 3 for three-dimensional visualization of crystal, volumetric and morphology data. J. Appl. Crystallogr.
2011, 44, 1272-1276. [CrossRef]

Hamdan, S.A.; Ibrahim, LM.; Ali, LM. COMPARISON OF ANATASE AND RUTILE TiO, NANOSTRUCTURE FOR GAS
SENSING APPLICATION. Dig. J. Nanomater. Biostruct. 2020, 15, 1001-1008. [CrossRef]

Fievet, F; Germi, P.; De Bergevin, E; Figlarz, M. Lattice Parameter, Microstrains and Non-Stoichiometry in NiO. Comparison
between Mosaic Microcrystals and Quasi-Perfect Single Microcrystals. J. Appl. Cryst. 1979, 12, 387-394. [CrossRef]

Lan, T.; Tang, X.; Fultz, B. Phonon anharmonicity of rutile TiO, studied by Raman spectrometry and molecular dynamics
simulations. Phys. Rev. B 2012, 85, 094305. [CrossRef]

Ohsaka, T.; Izumi, E,; Fujiki, Y. Raman spectrum of anatase, TiO;. J. Raman Spectrosc. 1978, 7, 321-324. [CrossRef]

Melendres, C.A.; Narayanasamy, A.; Maroni, V.A.; Siegel, R W. Raman spectroscopy of nanophase TiO,. J. Mater. Res. 1989, 4,
1246-1250. [CrossRef]

Porto, S.P.S.; Fleury, PA.; Damen, T.C. Raman spectra of TiO,, MgF,, ZnF;, FeF,, and MnF,. Phys. Rev. 1967, 154, 522. [CrossRef]
Mironova-Ulmane, N.; Kuzmin, A.; Steins, I.; Grabis, ].; Sildos, I1.; Pars, M. Raman scattering in nanosized nickel oxide NiO.
J. Phys. Conf. Ser. 2007, 93, 012039. [CrossRef]

Mironova-Ulmane, N.; Kuzmin, A ; Sildos, I.; Pérs, M. Polarisation dependent Raman study of single-crystal nickel oxide. Open
Phys. 2011, 9, 1096-1099. [CrossRef]

Sokol, A.A.; French, S.A.; Bromley, S.T.; Catlow, C.R.A.; van Dam, H.].].; Sherwood, P. Point defects in ZnO. Faraday Discuss. 2006,
134, 267-282. [CrossRef] [PubMed]

Galdamez-Martinez, A.; Santana, G.; Gtiell, F.; Martinez-Alanis, PR.; Dutt, A. Photoluminescence of ZnO nanowires: A review.
Nanomaterials 2020, 10, 857. [CrossRef] [PubMed]

Lv,J.; Li, C.; Chai, Z. Defect luminescence and its mediated physical properties in ZnO. J. Lumin. 2019, 208, 225-237. [CrossRef]
Lima, S.A.M,; Sigoli, FE.A; Jafelicci, M., Jr.; Davolos, M.R. Luminescent properties and lattice defects correlation on zinc oxide. Int.
J. Inorg. Mater. 2001, 3, 749-754. [CrossRef]

Wang, Y.G.; Lau, S.P; Zhang, X.H.; Lee, H.W.; Yu, S.F; Tay, B.K.; Hng, H.H. Evolution of visible luminescence in ZnO by thermal
oxidation of zinc films. Chem. Phys. Lett. 2003, 375, 113-118. [CrossRef]

Kofstad, P. Defects and transport properties of metal oxides. Oxid. Met. 1995, 44, 3-27. [CrossRef]

Rempel, A.A.; Valeeva, A.A.; Vokhmintsev, A.S.; Weinstein, L. A. Titanium dioxide nanotubes: Synthesis, structure, properties and
applications. Russ. Chem. Rev. 2021, 90, 1397-1414. [CrossRef]

Pallotti, D.K.; Passoni, L.; Maddalena, P.; Di Fonzo, F.; Lettieri, S. Photoluminescence Mechanisms in Anatase and Rutile TiO,.
J. Phys. Chem. C 2017, 121, 9011-9021. [CrossRef]


https://doi.org/10.1002/adem.200310092
https://doi.org/10.1016/j.jallcom.2017.08.142
https://doi.org/10.1002/ceat.202100442
https://doi.org/10.3390/app13063714
https://doi.org/10.1002/pssa.202100323
https://doi.org/10.1021/nn901674p
https://www.ncbi.nlm.nih.gov/pubmed/20465220
https://doi.org/10.1007/s00339-016-0600-z
https://doi.org/10.1039/D0RA01825B
https://doi.org/10.1142/S0217984916500548
https://doi.org/10.1115/1.4038829
https://doi.org/10.1016/j.physb.2010.04.042
https://doi.org/10.1063/1.1423403
https://doi.org/10.1016/j.jallcom.2012.07.021
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.15251/DJNB.2020.154.1001
https://doi.org/10.1107/S0021889879012747
https://doi.org/10.1103/PhysRevB.85.094305
https://doi.org/10.1002/jrs.1250070606
https://doi.org/10.1557/JMR.1989.1246
https://doi.org/10.1103/PhysRev.154.522
https://doi.org/10.1088/1742-6596/93/1/012039
https://doi.org/10.2478/s11534-010-0130-9
https://doi.org/10.1039/B607406E
https://www.ncbi.nlm.nih.gov/pubmed/17326573
https://doi.org/10.3390/nano10050857
https://www.ncbi.nlm.nih.gov/pubmed/32365564
https://doi.org/10.1016/j.jlumin.2018.12.050
https://doi.org/10.1016/S1466-6049(01)00055-1
https://doi.org/10.1016/S0009-2614(03)00842-X
https://doi.org/10.1007/BF01046721
https://doi.org/10.1070/RCR4991
https://doi.org/10.1021/acs.jpcc.7b00321

Materials 2024, 17, 208 14 of 14

41.

42.

43.

44.

45.

46.

47.

48.

49.

Zhang, J.; Zeng, D.; Zhu, Q.; Wu, J.; Huang, Q.; Xie, C. Effect of Nickel Vacancies on the Room-Temperature NO, Sensing
Properties of Mesoporous NiO Nanosheets. . Phys. Chem. C 2016, 120, 3936-3945. [CrossRef]

Jang, W.-L.; Lu, Y.-M.; Hwang, W.-S.; Hsiung, T.-L.; Wang, H.P. Point defects in sputtered NiO films. Appl. Phys. Lett. 2009,
94, 062103. [CrossRef]

Gandhi, A.C.; Wu, S.Y. Strong Deep-Level-Emission Photoluminescence in NiO Nanoparticles. Nanomaterials 2017, 7, 231.
[CrossRef] [PubMed]

Qi, Y,; Qi, H,; Lu, C,; Yang, Y.; Zhao, Y. Photoluminescence and magnetic properties of b-Ni(OH), nanoplates and NiO
nanostructures. J. Mater. Sci. Mater. Electron. 2008, 20, 479-483. [CrossRef]

Meybodi, S.M.; Hosseini, S.; Rezaee, M.; Sadrnezhaad, S.; Mohammadyani, D. Synthesis of wide band gap nanocrystalline NiO
powder via a sonochemical method. Ultrason. Sonochem. 2012, 19, 841-845. [CrossRef]

Rackauskas, S.; Nasibulin, A.G.; Jiang, H.; Tian, Y.; I Kleshch, V.; Sainio, J.; Obraztsova, E.D.; Bokova, S.N.; Obraztsov, A.N.;
Kauppinen, E.I. A novel method for metal oxide nanowire synthesis. Nanotechnology 2009, 20, 165603. [CrossRef]

Tampo, H.; Fons, P.; Yamada, A.; Kim, K.-K.; Shibata, H.; Matsubara, K.; Niki, S.; Yoshikawa, H.; Kanie, H. Determination of
crystallographic polarity of ZnO layers. Appl. Phys. Lett. 2005, 87, 141904. [CrossRef]

Varea, D.M.; Varea, D.M. Crecimiento y Caracterizacion Mediante Técnicas de Microscopia, de Nano-y Microestructuras de SnO; y TiO»;
Universidad Complutense de Madrid: Madrid, Spain, 2007.

Khoi, N.N.; Smeltzer, W.W.; Embury, ].D. Growth and Structure of Nickel Oxide on Nickel Crystal Faces. J. Electrochem. Soc. 1975,
122, 1495-1503. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/acs.jpcc.5b12162
https://doi.org/10.1063/1.3081025
https://doi.org/10.3390/nano7080231
https://www.ncbi.nlm.nih.gov/pubmed/28829388
https://doi.org/10.1007/s10854-008-9755-5
https://doi.org/10.1016/j.ultsonch.2011.11.017
https://doi.org/10.1088/0957-4484/20/16/165603
https://doi.org/10.1063/1.2067689
https://doi.org/10.1149/1.2134052

	Introduction 
	Experimental Method 
	Results and Discussion 
	Conclusions 
	References

